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Abstract 
The remarkable load bearing capacity and lubricating properties of natural biphasic materials such 
as articular cartilage and plant cell walls (PCW) inspire this work to study the mechanics and 
tribology of biphasic hydrogels. These systems share a similar set of structural and mechanical 
characteristics, which include a biphasic network structure, presence of friction-modifying surface 
coatings, as well as incorporation of non-Newtonian and viscoelastic lubricant fluids. In this work, 
the biomimetic principles are employed in order to create cellulose-based hydrogels with controlled 
mechanical and tribological performance. The outcomes of this study advance the fundamental 
knowledge of dynamic mechanical and micro-hydrodynamic properties of biphasic materials, 
leading to deeper insights into the mechanisms of their friction behaviour. New insights uncovered 
in this thesis have significant implications for optimising cellulose-based materials for applications 
across biomaterials and pharmaceuticals as well as in engineering tribology.   
Previous studies on biomimetic cellulose hydrogels mainly utilized bacterial cellulose as a model 
system. The most significant limitation of this system is a limited control over pore size distribution 
and network density. In this work, ionic liquid regeneration process is developed and utilised to 
fabricate a range of regenerated cellulose-based hydrogels with better-controlled microstructures. 
Due to cellulose re-crystallisation, regenerated cellulose hydrogels mostly consist of amorphous 
cellulose as confirmed by 13C Nuclear Magnetic Resonance spectroscopy and X-Ray Diffraction. 
The effect of different cellulose sources and ionic liquid types on the regeneration of cellulose is 
also discussed. Furthermore, PCW-mimetic cellulose-hemicellulose hybrid hydrogels are fabricated 
using key plant-derived polysaccharides such as tamarind xyloglucan, wheat arabinoxylan and 
Plantago ovata arabinoxylan. This is achieved by dissolving the controlled amount of 
hemicellulosic polysaccharides in the ionic liquid solution prior to the regeneration process in 
water. One of the major discoveries is a three time increase in mechanical modulus of cellulose-
xyloglucan and cellulose-wheat arabinoxylan hybrid hydrogels, compared to pure cellulose and 
cellulose-Plantago ovata arabinoxylan hydrogels. 
Further, analysis of hydrogels’ mechanical properties is undertaken using a rheometer-based 
technique that uniquely incorporates in situ mechanical characterization and enables controlled 
measurement of friction forces between pairs of hydrogels. The mechanical response is found to be 
consistent with a generalised biphasic poroviscoelastic deformation model, which accounts for 
viscoelastic and poroelastic effects in hydrogels undergoing compressive deformation. However, 
compressibility of cellulose hydrogels makes their mechanical behaviour more complex than 
described by the model. In particular, the mechanical response of poroviscoelastic cellulose 
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hydrogels is found to be governed by the aggregation and rearrangement of cellulose matrix, as well 
as by the fluid pressurization inside the micro-pores. These effects lead to the emergence of a 
compression-induced axial anisotropy in the hydrogel material (i.e. different mechanical properties 
in different spatial directions). Upon compression, the mechanical behaviour of hydrogels is found 
to be qualitatively similar to particle reinforced composites, and is described using the Voigt model 
of composite mixtures. 
The compression induced hardening of hydrogels results in changes in their friction behaviour. 
Based on the literature data, it is expected that the friction between pairs of biphasic gels is directly 
dependent on the mechanical modulus. Results of this work show that this dependency holds for 
regenerated cellulose hydrogels, and, as a result, the interfacial yield stress is increasing with 
compression ratio.  
Finally, one of the aims of this thesis is to achieve low friction between mechanically tough 
hydrogels by incorporating a surface lubricant that mimics functionality of lubricin, a key surface 
glycoprotein in articular cartilage. The design of a lubricin mimic for cellulose hydrogels is based 
on replicating its structure, whereby a highly charged polyelectrolyte block is bound by the 
substrate-binding domain. To implement this design, xyloglucan-pectin polysaccharide conjugates 
are synthesised using amidation coupling reaction. These conjugates are shown to significantly 
reduce the friction between cellulose hydrogels, as well as eliminate stick-slip behaviour which is a 
leading mechanism of surface stick-slip and wear. A key mechanism proposed for the enhanced 
lubrication is through the reduction of adhesion between cellulose fibrils, which promotes 
interfacial sliding and fluid entrainment into the gap between surfaces. These data provide an 
encouraging result that illustrates the possibility for conjugate additives to modulate boundary 
friction in cellulose-based materials. 
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Chapter 1 Introduction 
1.1 Motivation 
This work is motivated by the remarkable ability of nature to evolve low friction contacts, as  
exemplified in such biotribological systems as articular cartilage/synovial fluid (Schmidt and Sah, 
2007), oral surfaces/saliva (Selway and Stokes, 2013), gastropod foot/mucin (Dowson, 2012), as 
well as in deceptively motionless world of the plant kingdom where low friction is required for 
plant growth and penetration of roots through tough soils (Forterre, 2013). The key research 
question is what mechanism allows low friction to be achieved within these biological systems. 
This is particularly apparent for the friction arising within joints, where the coefficient of friction 
between articular cartilage (AC) surfaces is maintained below 0.001 under pressures as high as 20 
MPa and sliding velocities as low as a few centimetres per second (Gong et al., 2001; Katta et al., 
2008; Dong Woog et al., 2013). Under such conditions it is currently not possible to establish fluid 
lubricating film, and such low friction in engineering applications such as ball bearings and 
gearboxes remains unattainable.  
The remarkable friction properties of biphasic biological materials, like AC, inspire investigation of 
tribological behaviour of polysaccharide hydrogels that share a similar set of structural and 
mechanical characteristics, such as: biphasic network structure; formation of surface coatings; and 
ability to incorporate lubricant (including non-Newtonian and viscoelastic fluids) within their 
porous structure. Amongst many well-known polysaccharides, cellulose-based hydrogels hold a 
special place in the arsenal of renewable sources of polymeric materials. Not only because cellulose 
is one of the most naturally abundant and advantageous polymer, but also due to its safety with 
respect to human health and environment. Despite many advantages, the use of cellulose hydrogels 
in tribological applications has been limited. The limitations are largely associated with poor 
knowledge of the design rules with respect to material microstructure and surface chemistry, which 
are key factors that influence tribological performance.  
In light of these challenges, the present work focuses on applying biomimetic principles to create 
regenerated cellulose-based hydrogel with superior mechanical and tribological performance. I seek 
to characterize the mechanical and tribological behaviour of cellulose-hemicellulose hybrid 
hydrogels, and, in particular, examine the fundamental aspects of poroviscoelastic pressurization 
and its effects on storage modulus of biphasic materials. I also aim to extend the scope and improve 
robustness of the rheometer-based techniques for measuring gel mechanics and friction. Finally, I 
attempt to incorporate a boundary lubricant to promote surface sliding and reduce friction. I aspire 
this work can address current limitations on biomaterials design with high load bearing capacity and 
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ultra-low friction. These materials should provide a better mimic of articular cartilage, as well as 
show other promising properties beneficial for foods, tissue engineering, contact lenses etc. 
1.2 Aims and Objectives 
The main aim of this project is to design regenerated cellulose hydrogels with superior mechanical 
and friction properties. The hypotheses and objectives of this work are outlined below: 
Research Objective 1: To optimize hydrogel composition and microstructure to improve 
mechanical properties and optimize friction behaviour, by: 
• Fabricating and characterising plant cell wall mimicking hydrogels using polysaccharide 
additives, and 
• Systematically evaluating their mechanical and friction properties. 
Hypothesis 1: Using the concept of biomimetic engineering, and particularly plant cell wall 
mimetic, I hypothesise that the use of hemicellulose additives in regenerated cellulose hydrogels 
can improve their mechanical strength and provide the means for manipulating their friction 
behaviour. 
Research Objective 2: To optimize hydrogel surface chemistry to reduce boundary friction, by:  
• Creating novel polysaccharide additives based on xyloglucan-pectin conjugates, whereby 
xyloglucan acts as a surface ‘anchor’ to the cellulose, while pectin promotes surface hydration 
and provides electrostatic repulsive barrier due to its polyelectrolyte nature, and 
• Systematically evaluating their effect on friction properties between pairs of cellulose hydrogels. 
Hypothesis 2: The use of novel block-co-polymer additives can create lubricin-like surface layer to 
reduce boundary friction. 
Research Objective 3: To investigate the effects of poroviscoelasticity (PVE) and fluid 
pressurization on the mechanical and friction properties of biphasic hydrogels, by 
• Systematically evaluating compression-relaxation profiles of model and newly developed 
hydrogels, and 
• Examining their response to shear deformation and friction behaviour, and 
• Characterising and analysing their microstructure. 
Hypothesis 3:  Fluid pressurization during compression of biphasic gels influences the mechanical 
properties of the gel matrix and its viscoelastic relaxation. These effects are not included in the 
current poroviscoelastic theory of biphasic hydrogels; however, the proposed experimental 
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approach can stimulate development of more realistic theoretical models and serve as an 
experimental basis for model validation. 
1.3 Thesis Outline  
In order to address the above aims and objectives, this thesis is divided into the following research 
chapters. 
Chapter 2 Literature review 
In this chapter, biolubrication models in natural materials such as articular cartilage and plant cell 
walls are reviewed. In particular, it seeks to provide a concise account of the state-of-the-art 
structural model of primary plant cell walls, with the focus on structural and biomechanical roles of 
specific plant cell wall components. The critical analysis of the literature elaborates a plant cell wall 
mimetic approach, and reviews the role of mechanical properties as factors governing bio-
tribological contacts in plants, which occur during plant growth and morphogenesis. In addition, the 
review considers current model cellulose materials including cellulose hydrogels, and a number of 
pertinent knowledge gaps have been identified. The current theories of mechanical and tribological 
response of biphasic materials and relevant experimental techniques are also reviewed. Finally, 
future perspectives in this research area are duly outlined. 
Chapter 3 Materials and methods 
The fabrication methods of a range of poroviscoelastic hydrogels including regenerated cellulose 
and hybrid hydrogels, bacterial cellulose hydrogels and agarose gels are described in this chapter. 
The rheometer-based technique for assessing the mechanical and friction properties of hydrogels 
and microscopy techniques are introduced here.  
Chapter 4 Effect of ionic liquid type, cellulose source, and processing conditions on the 
formation of regenerated cellulose hydrogels 
This research chapter provides evaluation of the effect of hydrogel compositions, ionic liquid type 
and processing conditions on the formation of regenerated cellulose hydrogels. More specifically, 
this chapter provides characterisation of the rheological behaviour of cellulose/ionic liquid solutions, 
and characterisation of the microstructure and crystallinity of regenerated cellulose hydrogels. 
Chapter 5 Dynamic mechanical and friction properties of poroviscoelastic hydrogels 
In this research chapter, mechanical properties and tribological behaviour of poroviscoelastic 
hydrogels are determined by utilising a tribo-rheological technique that incorporates in situ 
mechanical characterisation immediately prior to measuring the tribological response between pairs 
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of hydrogels. First, the fluid pressure is found to play a key role during deformation of these 
hydrated cellulose networks, which consequently results in the structural anisotropy. Second, two 
cellulose hydrogels are used to form a pressurised adhesive contact upon compression and the 
interfacial yield stress measurements are performed; these measurements are followed by the 
assessment of stick-slip behaviour under conditions of constant shear.  
Chapter 6 Effect of hemicellulosic and mucilage polysaccharides on the mechanical and 
friction properties of hybrid hydrogels - towards building a link between mechanics and 
friction response 
This research chapter investigates the effect of hemicellulose and mucilage polysaccharides on the 
mechanical and friction properties of hybrid hydrogels. In particular, it is found that incorporation 
of tamarind xyloglucan or wheat arabinoxylan increases elastic and shear moduli of hybrid 
hydrogels compared to pure cellulose and cellulose-Plantago ovata arabinoxylan hybrid hydrogels. 
Based on a range of the developed hydrogels, the relationship between friction and mechanical 
properties is established.  
Chapter 7 Surface tribology of cellulose hydrogels with non-cellulosic polysaccharide 
conjugate additives 
The key findings from Chapters 5 and 6 suggest that the friction between hydrogel surfaces is 
directly proportional to the mechanical modulus. Therefore, achieving low friction between pairs of 
tough gels is a challenging task. Based on the principles of biolubrication in articular cartilage, the 
biomimetic surface active additives are produced by chemical conjugation of xyloglucan and pectin. 
The addition of small amounts of xyloglucan-pectin conjugates to the surface of cellulose hydrogels 
is found to significantly decrease the friction coefficient and eliminate the typical stick-slip friction 
response found in unmodified cellulose hydrogels.  
Chapter 8 Conclusions and future perspectives 
Major findings from this thesis are summarised and suggestions for future work based on this 
research area are outlined.   
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Chapter 2 Literature Review 
2.1 Biotribology:  Analysis of Rubbing Contacts Formed by Biological Materials 
2.1.1 Engineering tribology 
Tribology is a research area concerning friction, lubrication and wear. Unlike mechanics, tribology 
(friction and lubrication) is not a material property but a system’s behaviour. In order to uncover the 
system’s behaviour within the tribological (rubbing) contact one must consider rheological 
properties of the lubricant, and mechanical and surface properties of solid materials. Within the 
latter category of surface properties, such factors as formation of adsorbed films, surface roughness, 
adhesion, surface energy and lubricant’s contact angle are of key importance (Bhushan, 2013). All 
these factors and properties – often concomitantly – contribute to the tribological response. In 
engineering tribology, the Stribeck curve framework is typically used as a graphical representation 
of the friction coefficient plotted against normalized rubbing speed; the latter is scaled by fluid 
viscosity, applied load, and the contact area. One of such scaling parameters is the dimensionless 
Sommerfeld number SN, which is given by 
𝑆𝑁 =
𝑈 𝑎
𝐿
 2.1 
where U is entrainment speed1,  is lubricant viscosity, L is load, and a is the radius of the rubbing 
contact area. If the contact pressure, P, is used in place of applied load, the Sommerfeld number has 
the dimension of length, which can be considered as a characteristic length scale of the rubbing 
process. For fully lubricated contacts (hydrodynamic lubrication), this length scale corresponds to 
the effective gap between surfaces. The Stribeck curve is a useful representation of the continuum 
of states that occur during rubbing; from a fully lubricated contact, where surfaces are separated by 
a continues fluid film, to the friction contact, where surfaces are in direct contact and the fluid film 
may be entirely squeezed out of the contact (Gong and Osada, 2002; Szeri, 2010; Bhushan, 2013). 
Within the Stribeck curve framework, different tribological regimes are classified as follows: 
hydrodynamic, mixed, and boundary regimes as shown in Figure 2.1.  
                                                             
1 In the mixed sliding-rolling conditions which are typically used  in ball-on-disk tribometer, the U is defined as 𝑈 =
1
2
(𝑢B + 𝑢D), where indexes ‘B’ and ‘D’ correspond to ‘Ball’ and ‘Disk’, respectively. Under these conditions the sliding 
speed is defined as 𝑈S = |𝑢𝐵 − 𝑢𝐷|, and the slide–to–roll ratio is defined as 𝑆𝑅𝑅 =
𝑈S
𝑈⁄  . 
6 
 
 
Figure 2.1: Lubrication regimes observed in fluid lubrication; friction coefficient as a 
function of the scaled entrainment speed, reproduced from Selway and Stokes (2013). 
Hydrodynamic lubrication regime (HDL) is referred to as full-film lubricated condition when two 
surfaces are not in a direct contact. In HDL, the continuous lubricating film is much thicker than the 
size of surface asperities, and the lubrication effect arises due to a hydrodynamic lift force generated 
by the viscous lubricant confined between moving surfaces, i.e. Couette flow (Bhushan, 2013). 
Within the HDL regime the governing properties of the system are lubricant viscosity 2 , and 
mechanics of rubbing surfaces that deform under the hydrodynamic pressure leading to the changes 
in the gap profile between surfaces depending on the Sommerfeld number. The lubrication regime 
between soft surfaces where surface deformation is significant and comparable with the thickness of 
the fluid film is often referred to as elastohydrodynamic lubrication (EHL). 
Boundary friction occurs when contact pressure is high but fluid pressure is low. Such conditions 
are typical for high loads, low lubricant viscosity, and slow entrainment speeds. When lubricant 
film thickness is smaller than the effective surface roughness, the direct surfaces interactions, such 
as adhesion (Vinogradova and Yakubov, 2006; Bhushan, 2013), dominate, resulting in a direct 
contact between two solid surfaces.  
The transition between the hydrodynamic and boundary lubrication is called mixed lubrication (ML) 
in which both boundary friction and fluid-film lubrication mechanisms are in effect. Typically, the 
                                                             
2 For non-Newtonian lubricants, the Stribeck curve often scales with viscosity obtained at very high shear rates (ca. 104 
- 106 s-1). 
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friction coefficient in ML increases sharply from the minimum that occurs at the junction between 
EHL and ML regimes, and then reaches a high level boundary friction plateau (Beerbower, 1972). 
As entrainment speed decreases, the increase in friction is associated with a higher percentage of 
direct contact, and a corresponding decrease of surface areas remaining separated by a partial fluid 
film3. In the mixed and boundary regimes, the effects of roughness, surface film formation and 
lubricant’s surface spreading may become dominant (Persson and Scaraggi, 2009; Bhushan, 2013).  
2.1.2 Biotribology and biolubrication: inspiration from articular cartilage 
Biotribology 
In addition to the regimes described above, lubrication modes can be extremely complex in 
dynamic biological contacts. Biotribology concerns tribological behaviour of natural and 
manufactured biomaterials, and is a rapidly emerging discipline with significant impact on 
biomaterial, food, and biomedical engineering as well as in such applications as haptics, bionics and 
biomimetic robotics. The special features of biotribology is that it considers a rubbing contact 
formed by ‘soft’ surfaces, often lubricated by complex fluids dominated by non-Newtonian 
properties, such as viscoelasticity and yield stress (Mitsui and Cocco, 2010; Pawaskar et al., 2010; 
Stokes et al., 2013). Increasing evidence points to significant contributions from micro-
hydrodynamic effects, which are especially crucial in the boundary friction between rough contacts 
(Selway et al., 2017). These effects stem from the shear/squeeze flows within the pockets of fluid 
that are confined or entrapped between asperity contacts. An additional hallmark of biological 
systems is the non-linear mechanics of solid surfaces, with visco- and poro-elasticity having 
profound effect on the pressure distribution and energy dissipation within asperity contacts as well 
as within the fluid film. Another contribution to the friction mechanism is associated with 
viscoelastic hysteresis losses, which are particularly significant in soft viscoelastic contacts. Finally, 
most of biological fluids are non-Newtonian and many display marked viscoelastic behaviour, 
which directly affects the fluid pressure in the gap separating solid surfaces. These fluids also 
contain lipids, proteins and other biological molecules that can adsorb on solid surfaces. Presence of 
adsorbed layers can change surface wetting properties, surface forces, adhesion, as well as modulate 
interfacial sliding mechanism.  
The most common and well-researched biotribological contacts are articular cartilage, contact 
lenses, snail foot locomotion, gecko feet adhesion, food oral processing, skin and hair lubrication, 
as well as more generic systems such as friction between two polymer hydrogels. In order to 
                                                             
3 This scenario is typical for simple fluids; for complex multiphase fluids the pressures of the ML contact can result in 
preferential entrainment of certain phases, leading to the friction induced phase separation. 
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illustrate the complex interplay between various effects in biological rubbing contacts, I provide 
below a brief overview of the current progress in the area of articular cartilage lubrication, as one of 
the most developed areas within the field of biotribology.   
Articular Cartilage 
The friction coefficient in animal articular cartilage (AC) is remarkably low, in the range of 0.005-
0.02 (Mow et al., 1992). One of the key research questions is to provide explanation for low friction 
when AC contacts are under high pressures (20 MPa) and low sliding speeds (1 cm/s) (Gong et 
al., 2001; Katta et al., 2008; Dong Woog et al., 2013). To reduce wear and ensure healthy and 
functional cartilage under various conditions, such as walking, standing or jumping, nature has 
developed not one but several solutions that increase the overall reliability of the joint lubrication 
system.  
Normal joint friction is considered to be predominantly in the ML regime where fluid film 
lubrication and boundary friction are combined (Gong et al., 2001; Klein, 2006; Han et al., 2011). 
The operative lubrication modes are dependent on the normal load, rate of relative sliding motion 
between cartilage surfaces and the time history of both load and motion (McNary et al., 2012; 
Murakami et al., 2014). First, at the onset of loading, the synovial fluid is thick (low shear rate 
viscosity 0 ~ 10 Pas) and viscoelastic (storage modulus G' > loss modulus G'') (Mazzucco et al., 
2002; Goudoulas et al., 2010). This is due to assembly of bottlebrush aggrecan monomers onto the 
hyaluronic acid backbone, which enables remarkable water structuring even at low concentrations 
(Chandran and Horkay, 2012). High viscosity means that synovial fluid is capable of supporting 
EHL, by maintaining a fluid film thicker than the size of surface asperities (Dowson, 1966; Schmidt 
and Sah, 2007). With increasing speed, synovial fluid undergoes shear thinning, which enables 
maintaining the U values around the friction minimum region as shown in Figure 2.1. Additionally, 
synovial fluid is characterised by non-linear viscoelastic properties, which manifest themselves 
through normal stress difference, i.e. generation of the fluid pressure in the direction perpendicular 
to the direction of shear. This normal stress further helps to keep surfaces separated by a fluid film 
with increasing shear rates. Several pathological conditions result in the deterioration of rheological 
properties of synovial fluids (Schurz and Ribitsch, 1987). According to Schurz and Ribitsch (1987), 
most significant changes are observed in the values of the low shear rate viscosity 0, storage 
modulus G', and the onset of shear thinning.  
Second, during high impact pressure movements when opposing bearing surfaces approaching each 
other under high and discontinuous load, such as running and jumping, synovial fluid can be 
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trapped within the pores providing poroelastic effect and boosting cartilage effective 
(‘instantaneous’) modulus. Upon cessation of pressure, synovial fluid can be squeezed out into the 
gap to help maintain the lubricant layer between cartilage surface through “weeping” mechanism 
(Han et al., 2011; Bonnevie et al., 2017). This is possible, because AC is a biphasic material, in 
which the cross-linked collagen fibril network is filled with synovial fluid (Wright and Dowson, 
1976; Murakami et al., 2014). Greene et al. (2010) found a highly anisotropic pore structure in AC, 
resulting in almost unchanged axial porosity of the matrix even at high load. Under pressure, 
synovial fluid is directed to flow to the surfaces, acting as lubricant to enhance hydrodynamic 
lubrication at sliding interfaces (Chan et al., 2010; Greene et al., 2010).  
Finally, at highest pressures and static conditions, the fluid film may fail, and the applied load is 
supported by direct surface-to-surface contacts (Dedinaite, 2012; Murakami et al., 2014). The area 
of direct contact may take as much as ~10% of the total area of the joint (Schmidt and Sah, 2007). 
Under these conditions, cartilage relies on surface modification to minimise boundary friction; a 
surface monolayer of lubricin, a mucin-like glycoprotein, which serves as an antiadhesive boundary 
lubricant at the cartilage surface (Zappone et al., 2007; Zappone et al., 2008). Lubricin molecule has 
a block-co-polymer structure; the central region rich in proline, threonine and serine amino acid 
resides is heavily decorated with O-linked and N-linked oligosaccharides (glycans) (Chang et al., 
2008), which confer lubricin its high affinity to water. The glycosylated domain is flanked by the 
amino (N-) and carboxyl (C-) termini, which are largely non-glycosylated globular domains that are 
responsible for bonding between lubricin and collagen fibrils of AC. The glycosylated domain 
features charged sugars such as negatively charged sialic acid, which enable for the adsorbed layers 
of lubricin to provide strong repulsive force through electrostatic repulsion, as well as through 
osmotic and hydration polyelectrolyte effects. This repulsion is key for keeping the AC surfaces 
apart and reducing friction between the asperities.  
Cartilage-Mimic Engineering 
Articular cartilage plays a crucial role in protection of bones, however due to its avascular nature, 
self-healing of the cartilage after severe damage or joint aging is very limited (Zhang et al., 2009). 
Thus a challenge in AC replacement and repair is finding materials that would perform in a broad 
range of pressure and speed environments. Here I present an overview of current status on the 
development of cartilage-mimic materials for the purpose of clinical cartilage replacement and 
repair. As a conclusion of the review on lubrication modes of AC, the key prerequisites for 
cartilage-mimic materials should include: 
‒ Sufficient lubrication to reduce friction 
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‒ Sufficient load-bearing ability especially under impact pressure 
‒ Safety and biocompatibility 
The materials currently used for joint-replacement are mostly engineered materials, such as cobalt 
chrome (CoCr) alloys, zirconia, alumina and ultra-high molecular weight polyethylene (Beddoes et 
al., 2016). The advantage of these materials is that they have sufficient mechanical stiffness to 
support applied loads. The typical Young’s modulus and tensile strength of these materials are 
summarised in Table 2.1. However, these materials show significantly stiffer mechanical properties 
with much higher Young’s modulus and tensile strength compared with native articular cartilage 
and even bones. Due to such disparity in mechanical properties joint-replacement is often 
complicated by the adverse effect associated with the reduced bone density, a so-called “stress-
shielding effect”, which is a key cause of implant loosening and failure (Ridzwan et al., 2007; 
Ibrahim et al., 2017). Moreover, these engineered materials showed inadequate lubrication because 
they are unable to replicate the complex lubrication modes of AC by incorporating fluid-film 
lubricant and boundary lubrication, which causes problems including wear on the opposing surfaces 
of articular cartilage and surrounding tissues. With the increasing need for cartilage replacement 
and repair, development of materials that can provide a better mimic of AC is becoming urgent. 
Table 2.1: Mechanical properties of common materials used in cartilage repair 
Material 
Young’s Modulus 
(GPa) 
Tensile Strength 
(GPa) 
Reference 
Articular 
cartilage 
8.4×10-3 6.3×10-3 
(Bullough et al., 1970; Oka and 
Kotoura, 1987) 
Bone 13.5 0.16 
(Vincentelli and Grigoroy, 1985; 
Keller, 1994) 
CoCr alloys 232 1.20 (William et al., 2016) 
Zirconia 220 0.42 (William et al., 2016) 
Alumina 380 0.31 (Gauthier, 1995) 
 
In the case of AC, the fibrous collagen network is filled with synovial fluid. This type of polymer-
fluid networks are typically referred to as a “gel”, or a “hydrogel” in the case when the fluid is 
water. Hydrogels share a similar set of structural and mechanical characteristics with AC, such as 
biphasic network structure, formation of surface coatings, as well as ability to incorporate non-
Newtonian and viscoelastic fluids. Hydrogels are currently highlighted as alternative materials for 
cartilage replacement due to possibility of formulating biocompatible materials with low protein 
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adsorption rates, and, importantly, the potential of mimicking the ML mechanism of AC (Teruo et 
al., 2015). The ML mechanism enables biological tribopairs spans across a much broader range of 
loads and speeds compared with many engineering contacts, and have a significantly lower friction 
compared to non-porous solid materials. In respects to mechanical properties, hydrogels, instead of 
showing excess stiffness, are mostly characterised by poroelastic effects, i.e., the material is stiff 
under large pressure gradients and/or quick compression rates, but remains relatively soft under 
static or low pressure conditions. This unique set of properties of poroelastic materials may prove 
itself useful for overcoming stress-shielding adverse effects in joint replacement.  
The key challenge for hydrogel materials is the lack of mechanical toughness that is required to 
support the load or sustain high pressure impact. Several methods have been developed to improve 
the mechanical toughness of hydrogels, such as alignment and entanglement of polymers 
(Tsukeshiba et al., 2005; Bai et al., 2013), addition of soft filling (Nakajima et al., 2011) and ionic 
bonding (Sun et al., 2013; Luo et al., 2015). The tensile fracture stress and modulus of newly 
modified hydrogels reported in the literature are compared in Figure 2.2. Despite significant efforts 
directed at improving hydrogel mechanical properties, they remain inferior compared to native AC. 
Another difference between manufactured hydrogels and AC is the structure of fibrous network; 
AC is anisotropic, resulting in variation in physical modulus in different structural layers to cope 
with various types of deformation, while manufactured hydrogels are usually isotropic and therefore 
lack the required structural complexity (Mow and Guo, 2002).  
To overcome these current challenges, I have turned to seek inspiration from other natural materials 
with such properties of toughness and comparatively large pore sizes. Cellulose-based cell walls of 
plants is another class of such materials, which I have utilised as an inspiration for the current thesis, 
with the objective of improving mechanical and friction properties of cellulose-based hydrogels and 
develop novel platform of cellulose-based hydrogel systems with the potential for engineering AC-
like biotribological performance.  
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Figure 2.2: Tensile fracture stress and Young’s modulus of human cartilage (Hughes, 2004) 
compared with manufactured hydrogels, including PVA/PAAm (Li et al., 2014), 
PAAm/Alginate (JeongYun et al., 2012), PAAm/MMT (Gao et al., 2015), PAMPSA (Xing et 
al., 2014), Polyampholytes (Sun et al., 2013), Carboxybetaine acrylamide (Bai et al., 2014), 
and Polyion complexes (Luo et al., 2015). Reproduced from Beddoes et al. (2016). 
2.2 Cellulose Hydrogels: from Plant Cell Walls to Model Cellulose Hydrogels 
2.2.1 Plant cell walls 
In the last few decades, significant advances have been made in explicating the mechanical and 
tribological behaviour of primary PCW and relating them to their molecular composition and 
microstructure. The main structural and load-bearing component of PCW is a dense network of 
cellulose fibrils, which is embedded in the matrix of hemicellulosic and pectic polysaccharides as 
shown in Figure 2.3 (Park and Cosgrove, 2012). The mechanical properties of PCW are of 
significant interest, because these properties underpin morphological and cellular expansion during 
plant growth (Chanliaud et al., 2002). In addition, these insights are crucial to mimic PCW’s 
flexural and extensional toughness in manufactured materials. The tribological phenomena in plants 
are equally remarkable as those in animal kingdom; they underpin such processes as plant growth, 
embryo development, and root penetration through tough soils (Forterre, 2013). For example, in 
order to enable plant growth, a relative sliding must occur between adjacent cell walls, where 
tribological contact is mediated by pectin-rich middle lamella (Cosgrove, 2005). Albeit speeds are 
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usually very low ( mm/h), the turgor pressure may exceed 10-20 MPa creating significant friction 
force.  
 
Figure 2.3: Structure of the primary plant cell wall based on the schematic originally 
presented by Alberts (1994). Another renderings of this model can be found in Smith (2001) 
and Dolan (2018). 
2.2.2 Model cellulose hydrogels 
Cellulose from plant cell walls is one of the most abundant and advantageous renewable sources 
that can be utilized for material design and chemical synthesis. It is envisaged that cellulose will 
become the main chemical resource in the future taking over from crude oil (Chang and Zhang, 
2011; Wang et al., 2016). Materials engineered using natural cellulose, such as paper and cotton 
fibre/textiles, have long been in use. However, with increasing demand for eco-friendly and bio-safe 
materials, a renewed effort has been put into expanding the range of cellulose applications, 
including biomaterials, tissue engineering, and foods. This is due to safety, biodegradability, 
environmental compatibility, and extractability from by-products of other industries, e.g., bagasse, 
corn stover, and wheat silage to name the few. In light of these significant advantages, and a broad 
range of applications, engineering of cellulose-based material holds great promise for delivering a 
step change in improving product quality and sustainability. The key remaining challenge is to 
deliver cheap and efficient processing routes of material manufacture combined with the superior 
control of material microstructure (Odeta, 2016). Physicochemical properties of cellulose fibrils 
from natural sources can be both highly variable and/or too difficult to modify.  
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Recently, to overcome these problems several techniques have been developed to fabricate 
cellulose-based materials, such as mechanical treatments to prepare cellulose nanofibers sheets from 
pulp fibres (Zhang et al., 2012; Varanasi and Batchelor, 2013; Amiralian et al., 2015), bacterial 
fermentation (Mikkelsen et al., 2009), as well as ionic liquids regeneration process (Fukaya et al., 
2008). Regeneration methods are particularly useful as they enable to transform native cellulose 
into a set of various materials, such as fibres (Perepelkin, 2007), films (Fink et al., 2001), spheres 
(Sescousse et al., 2011), and hydrogels (Zhang et al., 2015).  
Bacterial cellulose hydrogels  
Bacterial cellulose (BC) is a special candidate for fabrication of cellulose-based hydrogels. Some 
microbial bacteria, notably Gluconacetobacter xylinus 4   can synthesize pure cellulose fibrils 
hydrogel films when cultivated under aerobic conditions (Mikkelsen et al., 2009). Bacterial 
cellulose shows remarkable mechanical properties, high purity, high porosity, high water-holding 
capacity, and great biocompatibility.  
The main drawback of BC hydrogels is a very broad pore size distribution, which may range from a 
few tens of nanometres up to several micrometres (Lopez-Sanchez et al., 2014). Such broad pore 
size distribution may limit the use of bacterial cellulose for applications where controlled porosity is 
crucial for material performance, as for example in designing cartilage replacement materials or 
wound dressings. In addition, the incorporation of bacterial cellulose with polysaccharide additives 
is a complex process; during cellulose synthesis, the initial form of cellulose aggregation is a 24-
chain elementary fibril5. At this stage of cellulose assembly, the hemicellulose polysaccharides, 
notably xyloglucan, can be incorporated or closely associated with the assembly (Lopez-Sanchez et 
al., 2015). Furthermore, soluble polysaccharides can influence micro-fibril aggregation and effect 
the microstructure of BC networks (Bonilla et al., 2016). 
Regenerated cellulose hydrogels 
The hydroxyl groups of cellulose create an extensive network of hydrogen bonds which enables 
spontaneous formation of fibril and fibrillar networks directly from cellulose solution via physical 
cross-linking and with no accompanying chemical reactions (Chang and Zhang, 2011). However, 
common solvents are unable to dissolve cellulose under normal temperature and pressure (Edgar et 
al., 2001). Recently, several solvents for cellulose dissolution have been identified; most of these 
                                                             
4 Recently renamed as Komagataeibacter xylinus. 
5 Until recently there were a number of models of elementary cellulose fibrils including 18-, 24-, and 36-chain models. 
In the recent development by Oehme D., Doblin M., Wagner J., Bacic A., Downton M. and Gidley M., Cellulose, 2015, 
22, 3501-3520., where cellulose elementary fibril assembly was investigated using combination of molecular dynamic 
simulations and NMR data, it was shown that the most likely configuration is a 24-chain model. 
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solvents are chaotropic fluids capable of breaking up an extensive network of hydrogen bonds 
(Edgar et al., 2001; Olsson and Westman, 2013). The most commonly used solvents include ionic 
liquids, deep eutectic solvents (Sirviö et al., 2016), N-Methylmorpholine N-oxide (Kim et al., 2011) 
and LiCl/dimethylacetamide system (Edgar et al., 2001). 
Ionic liquid (IL) is defined as a salt in which ions are poorly coordinated, resulting its liquid state 
under 100 °C. Ionic liquids have many attractive properties including high thermal stability, non-
flammability, non-volatile, wide temperature range of liquid state, and ability to dissolve various 
organic and inorganic substances due to hydrogen bond disruption and electrostatic effects (Fukaya 
et al., 2008). Amongst many types of ILs, 1-ethyl-3-methylimidazolium diethylphosphate has been 
widely used as cellulose solvent, which is proved to exhibit superior solubility compared to other 
ILs including 1-allyl-3-methylimidazolium chloride, 1-butyl-3-methylimidazolium chloride, 1-
butyl-3-methylimidazolium acetate, and 1-ethyl-3-methylimidazolium acetate (Hu et al., 2016). 
Compared with bacterial cellulose hydrogels, regenerated cellulose hydrogels provide superior 
ability to control gel properties, such as porosity and fibril microstructure. This can be achieved by 
controlling gel formation parameters such as cellulose concentration, water content and the rates of 
heating and cooling (Lee et al., 2015; Odeta, 2016). However, the regeneration process results in the 
formation of type II crystalline cellulose as well as amorphous material. The transition from 
naturally occurring cellulose I into cellulose II is irreversible; cellulose II is a thermodynamically 
stable form of cellulose while cellulose I is a metastable state which is formed during cellulose 
biosynthesis 6 . Despite thermodynamic stability, the re-crystallization of cellulose leads to 
mechanically weaker materials due to presence of amorphous cellulose and due to cellulose II fibres 
being much shorter compared to naturally occurring cellulose I fibre assembles. Zugenmaier (2008) 
have shown that the ratio of crystalline to total material, termed as crystallinity index (CI), differs 
significantly from native cellulose to regenerated cellulose. For example, the CI of microcrystalline 
cellulose dropped from 50% to 10% after regeneration from [Emim][Ac] solvent (Bendaoud et al., 
2017). 
Another advantage of using regenerated hydrogels is ability to control the incorporation of 
polysaccharide additives, which is otherwise difficult for BC hydrogels where bacteria ‘decide’ 
which polysaccharides and how much gets incorporated. Ionic liquids have been reported to 
dissolve other polysaccharide-based materials including some types of hemicellulose (Peng et al., 
                                                             
6 Mechanisms of cellulose crystallisation, crystal structure and morphology (e.g., fibril arrangement, character of 
amorphous and crystalline domains) have been extensively covered elsewhere. For a comprehensive account of the 
modern concepts of cellulose structure, morphology, and assembly I refer to the book by Zugenmaier P., Crystalline 
Cellulose and Derivatives: Characterization and Structures, 2008. 
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2010; Sundberg et al., 2015). For example, 1-ethyl-3-methylimidazolium acetate ([Emim][Ac]) is 
able to dissolve both cellulose and hemicellulose (Mäki-Arvela et al., 2010). Sundberg et al. (2015) 
utilized [Emim][Ac] as solvent to dissolve cellulose and arabinoglucoroxylan, a type of 
hemicellulose biopolymer, followed by regeneration in ethanol. Later, a similar approach was 
attempted by Bendaoud et al. (2017) to produce blends of cellulose and xyloglucan, followed by 
regeneration in water. Other polymers have been utilized in this way to fit special bio-applications, 
such as chitosan for heavy metal removal in wastewater treatment, alginates for tissue engineering, 
and starch for flocculation (Long and Luyen, 1996; Liang et al., 2004; Faroongsarng and Sukonrat, 
2008).  
In addition, the nature of lubrication in these systems, which is of particular relevance for cartilage 
engineering, remains largely unexplored. A particular focus of this project is placed on improving 
pore size control and cellulose interfacial properties. In particular, I seek to utilise regenerated 
cellulose-based hydrogels as a suitable tool for conducting systematic characterisation of 
mechanical and interfacial/friction properties.  
2.2.3 Structural roles of plant-cell-walls components 
From engineering perspective, PCW are essentially composite hydrogels of cellulose fibrils 
embedded within a matrix of non-cellulosic polymers, which also includes large amounts of water 
(Carpita and Gibeaut, 1993; Somerville et al., 2004). The direct use of PCW to investigate 
structure-property relationship is challenging due to complexity and inherent variability. Thus, it is 
much more efficient to probe mechanical and friction properties by utilizing PCW-mimicking 
model systems such as bacterial cellulose hydrogels (Lopez-Sanchez et al., 2015). 
Xyloglucan (XG) is a fundamental hemicellulose in primary plant cell of a large group of plants, 
and cellulose-XG networks are considered a dominant load-bearing structure in growing cell walls 
of land plants. Unlike other hemicelluloses, XG binds specifically to cellulose and cellulose 
microfibrils via extensive hydrogen bonding (Figure 2.4.b), due to a close match between the 
spacing of hydroxyl groups of glucose and xylose residues in cellulose and XG, respectively (Fry, 
1989; Pauly et al., 1999). The role of xyloglucan as a key tethering component that bridges and 
glues together cellulose fibrils has been revised (Pauly et al., 1999). The new model7 suggests that 
xyloglucan is implicated in the formation of so-called ‘soft’ fibril-fibril contacts that may be 
                                                             
7 The current model of PCW network proposes the concept of ‘soft ‘ and ‘hard’ fibril-fibril contacts that enable PCW to 
combine high toughness with high extensibility. It is suggested that ‘hard’ contacts are dominated by direct cellulose-
cellulose links, while ‘soft’ contacts are mediated by matrix polysaccharides with particular role of XG. 
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particularly important in controlling cell wall strength and extensibility (Park and Cosgrove, 2012; 
Tuo et al., 2013; Lopez-Sanchez et al., 2015). 
The presence of xyloglucan in bacterial cellulose hydrogels is found to cause increased permeability 
and mechanical strength (Lopez-Sanchez et al., 2015). The enhancement of mechanical strength is 
attributed to the reorientation of cellulose microfibrils and the difference in water permeability 
under compressive load. Xyloglucan is also found to modify the surface lubrication of bacterial 
cellulose (Dolan et al., 2017). The presence of xyloglucan creates a boundary lubrication layer, 
which provides hydration and leads to the extensive repulsive forces between surfaces. Modified 
mechanical and friction properties with the presence of xyloglucan make cellulose-XG hydrogels a 
potential material for tissue engineering purposes such as cartilage replacement and synthetic grafts 
in vascular surgery (Fink et al., 2011).  
Arabinoxylan (AX) is another hemicellulose, consisting of arabinose and xylose, commonly found 
in the PCW of cereals, such as wheat and barley. The interaction mechanism of AX and cellulose is 
by physical surface adsorption onto the cellulose fibrils without crosslinking as shown in Figure 
2.4.c (Lopez-Sanchez et al., 2015). AX shows minimal effect on mechanical properties of BC 
composites (as compared to XG), yet it can impact the poroelastic properties of hydrogels due to 
modulation of pore size and creating a viscosified microrheological environment within pores, 
which further reduces fluids permeability. 
Pectin is commonly depicted as an independent network with cellulose-hemicellulose network 
embedded in it (Somerville et al., 2004), although an increasing number of studies suggest that 
pectin can also interact with cellulose-hemicellose network (Lin et al., 2016; Lopez-Sanchez et al., 
2017). Pectin are a diverse group of polysaccharides that contain significant amounts of negatively 
charged galacturonic acid residues, due to their charge they provide strong hydration and are 
essential for promoting intercellular lubrication. The gelation and lubrication of pectin depends on 
the degree of esterification, which is when the acidic group is reacted with alcohols to produce a 
non-charged ester. Esterified pectin are more hydrophobic and tend to have stronger adsorption onto 
surfaces, which makes them better at promoting lubrication. Un-esterified pectin, which are highly 
charged, are potent gel formers, which can modulate the viscosity of the matrix without changing its 
composition or polysaccharide content (Liners and Vancutsem, 1992; Schindler et al., 1995; Willats 
et al., 2001).  
As a conclusion, previous studies consider XG and AX have important load-bearing roles in PCW 
structure, and pectin is crucial for intercellular lubrication. Thus one of the hypotheses in this thesis 
is established based on PCW-biomimetic principles: the use of hemicellulose additives (ie. XG and 
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AX from different sources) in regenerated cellulose hydrogels can improve mechanical properties, 
and thus enable manipulation of friction behaviour.  
 
Figure 2.4: Scanning electron micrographs of bacterial cellulose hydrogels; (a) cellulose 
only, (b) cellulose-xyloglucan, (c) cellulose-arabinoxylan. The black arrows represent 
crosslinks for XG and aggregates for AX, reproduced from Lopez-Sanchez et al. (2015). 
2.3 Mechanical and Friction Properties of Hydrogels 
One of the primary motivations in this thesis is to characterise micromechanics of hydrogels under 
compression. Similar to many materials in biotribology, cellulose hydrogels are biphasic materials 
whereby fibre network is filled with viscous/viscoelastic fluid or even soft gel. In order to describe 
mechanical properties of such materials I need to evoke concepts from linearly elastic materials, 
viscoelasticity and poroelasticity. 
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2.3.1 Linearly elastic, viscoelastic and poroelastic  
For elastic materials, the relationship between the stress and strain is linear, as described by the 
Hooke’s law: 𝜎 (𝑡) = 𝐸 × 𝜀(𝑡), where 𝜎 is the stress, 𝜀 is deformation strain, and 𝐸 is the elastic 
modulus of the solids. The time t dependency is usually ignored since for ‘solid-like’ materials 
deformation and relaxation occur at time scales much shorter than that of the measurement; hence, 
the stress response to the compression depends only on displacement. For viscous materials, the 
Newton’s law is applied to describe the ‘fluid-like’ response according to equation 2.2, where  is 
viscosity. 
𝜎 (𝑡) = 𝜂 ×
𝑑
𝑑𝑡
𝜀(𝑡) 2.2 
For many soft materials, including most hydrogels, the elastic response is accompanied by an 
irreversible time-dependent deformation, the majority of which are viscous in nature (Figure 2.5). In 
most general non-linear form, the stress-strain relationship for viscoelastic materials can be 
described using generalised Volterra equations (equation 2.3 and 2.4), where D is creep compliance 
and M is relaxation modulus. 
𝜎 (𝑡, 𝜎) = ∫ 𝐷(𝑡 − 𝜏)
𝑑
𝑑𝜏
𝜓(𝜏, 𝜎)𝑑𝜏
𝑡
−∞
 2.3 
𝜎 (𝑡, 𝜀) = ∫ 𝑀(𝑡 − 𝜏)
𝑑
𝑑𝑡
𝜉(𝜏, 𝜀)𝑑𝜏
𝑡
−∞
 2.4 
 
Figure 2.5: Elastic, viscoelastic and viscous behaviour, adapted from Lin and World (2011). 
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Bacterial cellulose hydrogel has been regarded as a linear elastic material initially, and was found to 
have a Young’s modulus ranging from 200 to 500 MPa using biaxial tensile tests (Chanliaud et al., 
2002). Measurement on same materials using biaxial tensile tests found that the Young’s modulus 
was lower in an order of magnitude compared with results in biaxial tensile test (McKenna et al., 
2009). A fibre alignment mechanism was proposed, which is not available using biaxial tensile tests. 
The limitation of these studies on interpretation of hydrogel mechanics is that the fluid transport 
during deformation has not been taken into consideration. Additionally, uniaxial and biaxial tensile 
tests for mechanical characterisation are not able to simulate the working conditions of articular 
cartilage which include load and shearing. 
The unique aspect of hydrogels is that the network porosity must be taken into consideration. If the 
pore size is large and solvent viscosity is low (e.g. water) then upon compression water can be 
squeezed out of the gel, and the mechanical response is dominated by the polymer/fibre matrix. In 
the opposite case of very fine pores or viscous solvents, the effects associated with the solvent 
pressurisation inside pores dominate the response. Two type of models were derived for 
transversely isotropic linear biphasic materials (Disilvestro et al., 2001; Bonilla et al., 2016), to 
describe viscoelastic mechanical response of porous hydrated biomaterials; biphasic poroelastic 
model (PE) and biphasic poroviscoelastic model (PVE). Both models consider the hydrated material 
as a binary mixture of two immiscible phases: a porous incompressible solid phase and an incised 
fluid phase. Solid deformation and fluid transport are taking into effect of mechanical response 
concurrently through a momentum term. The transfer of momentum between two phases is linearly 
proportional to the relative motion of fluid and solid phase, which enable the analysis of time-
dependent behaviour. 
PE was originally developed to analyse the mechanics of articular cartilage, assuming the solid 
phase is linear elastic (Armstrong et al., 1984; Mow and Guo, 2002; Huang et al., 2005). Following 
linear elasticity, solid stress in PE is described using equation 2.5, where 𝜎 is solid stress, 𝐸𝑆 is solid 
elastic modulus, 𝜀 is solid strain tensor, 𝐺𝑠 is solid elastic shear modulus, 𝐼 is the identity tensor, 
and 𝑒 are deviatoric components of the strain tensor (𝜀 −
1
3
𝑡𝑟(𝜀)𝐼). 
𝜎 = 𝐸𝑆𝑡𝑟(𝜀)𝐼 + 2𝐺𝑠𝑒              2.5 
Figure 2.6 shows a typical compression-relaxation curve of poroelastic materials. The PE model 
predicts the increase in the normal stress upon compression, which is due to a combination of solid 
deformation and fluid pressurisation. Upon reaching maximum normal stress, the structure relaxes 
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to an equilibrium normal force, dominated by the solid elastic response. During relaxation the fluid 
is drained out through the pores.  
 
Figure 2.6: Typical compression-relaxation curve of poroelastic material. 
From structural perspective, cellulose hydrogels are similar with articular cartilage: a cellulose fibril 
network embedded in water, while for AC the cross-linked collagen fibril network is filled with 
synovial fluid. Thus this poroelastic model has also been utilised to model the normal stress data for 
bacterial cellulose hydrogels, generated over a series of compression-relaxation steps (Lopez-
Sanchez et al., 2014). In PE model, only three parameters (E, , k) are necessary to describe 
material mechanical response. By performing compression-relaxation measurements at different 
rates as shown in Figure 2.7, one can determine not only elastic modulus (E) and permeability (k), 
but also the material Poisson’s ratio (). For BC hydrogels, a near zero Poisson’s ratio was 
determined, which reflects anisotropy of BC which is structurally weak in the axial direction but 
relatively tough in the radial direction. Overall, poroelastic behaviour and directional anisotropy are 
closely related to the architecture of the fibre network in BC, which features broad pore size 
distribution as well as preferred orientation of fibre deposition during fermentation process. 
Additionally, compression of BC hydrogels is found to be irreversible, which is the result of fibre 
aggregation and adhesion under compressive load (Bonilla et al., 2016). The matrix aggregation 
behaviour is commonly described by the critical yield pressure model, whereby matrix aggregation 
is assumed to occur only after the fluid pressure drops below the certain value necessary to 
counteract adhesive interactions (He et al., 2014). 
22 
 
 
Figure 2.7: Compression and relaxation profiles of cellulose hydrogels under different 
axial speeds; (a) 0.33 μm/s and (b) 3.3 μm/s , reproduced from Lopez-Sanchez et al. 
(2014). 
Lopez-Sanchez et al. (2014) utilised scanning electron microscopy (SEM) to investigate the 
relationship between the mechanical behaviour and microstructure, showing that the mechanical 
properties of cellulose network are mainly controlled by the rate of fluid pressurisation within the 
porous network. For samples compressed down to 1000 μm (compression ratio ~ 0.6) no significant 
changes in microstructure were observed. However, a clear fibre aggregation was observed for BC 
hydrogels compressed to 500 μm (compression ratio ~ 0.8) and only under conditions of slow 
compression as shown in Figure 2.8. Fast compression rates even under significant compression 
strains results in no significant change in the microstructure compared to the uncompressed sample. 
It was proposed that during slow compression water have enough time to radially flow out of 
network, allowing cellulose fibres to aggregated, while under fast compression conditions, the water 
pressure generated inside pores are far too large to prevent direct fibre-fibre contacts.  
In the case of BC hydrogels, high permeability (porosity) allows fluid to quickly drain through the 
pores rendering viscoelastic effect within polymer fibre matrix insignificant (Cohen et al., 1998; 
Lopez-Sanchez et al., 2014), and hence the BC response can be well modelled by PE. However, for 
the hydrogels with lower permeability, such as agarose, regenerated cellulose hydrogels or articular 
cartilage, they are characterised by a much lower rate of fluid drainage, and, consequently, much 
higher fluid pressures. Under such conditions the stress response may be dominated by viscoelastic 
contributions from the matrix of polymer fibre and fluid. For such materials, it is more appropriate 
to utilise the PVE model, which considers a viscoelastic solid phase and a viscous fluid phase. In 
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PVE the strain is defined according to equation 2.6, where 𝐷𝑟 is the discrete relaxation spectrum 
magnitude and 𝜏 is relaxation time.                     
𝜎 = 𝐸𝑠𝑡𝑟(𝜀)𝐼 + 2𝜇𝑠 ∫ 𝐷𝑟(𝑡 − 𝜏)
𝜕𝑒
𝜕𝜏
𝑡
0
𝑑𝜏      2.6 
 
Figure 2.8: Scanning electron micrograph of uncompressed cellulose network marked as 
‘Original’. Further compression down to 1000  μm (compression ratio ~ 0.6) results in no 
marked changes in network microstructure. A) A pellicle compressed to 500 μm (compression 
ratio ~ 0.8) under high speed conditions; B) A larger magnification image showing absence of 
aggregation between fibrils; C) A pellicle compressed to 500 μm (compression ratio ~ 0.8) 
under low speed conditions; D) A larger magnification image showing aggregation of 
cellulose fibrils. Images are reproduced from Lopez-Sanchez et al. (2014). 
The biphasic theory can be further extended in more complicated cases, incorporating nonlinear 
elasticity (Garcia et al., 2000), plasticity (Garcia et al., 2000; Disilvestro et al., 2001), as well as 
viscoelastic and non-Newtonian fluids which is adequate for most biotribological contacts where 
lubricant fluids (e.g. synovial fluid) are non-Newtonian and viscoelastic.  
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In this thesis I propose that the PVE mechanism is related to the viscoelastic relaxation of 
polysaccharide network in response to the fluid pressure in the pores. Such PVE theory will be 
developed on a range of polysaccharides hydrogels under compression-relaxation test in this project 
to fill the gaps in biphasic mechanics theory, including limited knowledge of viscoelastic and 
plastic contributions, and the role of fluid pressurization on the shear modulus and friction response. 
In addition, the definition of mechanical modulus using adequate biphasic model is a crucial step to 
link the tribological behaviour to mechanics of hydrogels. 
2.3.2 Tribological behaviour of hydrogels: interplay between mechanics, fluid lubrication and 
surface properties. 
Friction behaviour of many common solids conform to Amonton’s law, in which the relationship 
between shear force and normal load is linear (Gong and Osada, 2002; Persson et al., 2008; Otsuki 
and Matsukawa, 2013). As illustrated in Section 2.1.1, the tribology of biphasic materials is more 
complex as it considers a rubbing contact formed by soft surfaces, often lubricated by complex 
fluids dominated by non-Newtonian properties, such as viscoelasticity and yield stress (Mitsui and 
Cocco, 2010; Pawaskar et al., 2010; Stokes et al., 2013). 
Here I provide an overview of several recent studies that report on the relationship between 
mechanical and friction properties in Table 2.2, including techniques, materials, and experimental 
parameters. Overall, there is no uniform conclusion concerning the relationship between hydrogel 
mechanics and its tribological response. On the fundamental level, the observed discrepancies are 
likely to be associated with the complexity of friction in biphasic systems, where mechanical 
properties depend on the deformation rate, load conditions, as well as fluid permeability, polymer 
relaxation, and residual stresses. 
In the majority of studies, the discrepancy is primarily due to inability to characterise mechanical 
and friction properties under same measurement conditions. For example, Kurokawa et al. (2002) 
defined elastic modulus of gels by applying force mapping using Atomic Force Microscopy (AFM), 
while friction coefficient was defined using plate-plate geometry in a rheometer. Elastic modulus 
was reported to have little influence on surface friction even though they were defined in totally 
different scales and measurement conditions, with elastic modulus measured on micro/nano scale 
and friction on macroscale. By comparison, in the work of Park et al. (2004), AFM force mapping 
technique was utilized for both mechanical and friction characterisation under different directions, 
and a positive relationship between friction coefficient and elastic modulus was reported due to 
increasing applied load. Secondly, these studies utilised different mechanical modulus to link gel 
mechanics with friction, and opposite results were obtained. For example, Dolan et al. (2017) 
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obtained the shear storage modulus from small amplitude oscillatory shear (SAOS) measurements 
and reported a power law scaling between interfacial yield stress and shear storage modulus, while 
Zhang et al. (2009) defined elastic modulus by application of indenter on hydrogel and reported an 
inversely proportional relationship between friction coefficient and elastic modulus. Thirdly, the 
experimental parameters in these studies are different, which may have multiple effects on gel 
mechanics and friction. In the work of Zhang et al. (2009), by increasing hydroxylapatite content 
and freezing-thawing cycle, elastic modulus increased due to enhanced crosslinking the polymer 
network, which also led to improvement in surface chemistry for wear resistance and decreased 
friction coefficient. Therefore, the link from gel mechanics to friction might be implicated by other 
factors (e.g. surface properties). 
Amongst parameters mentioned above, two key factors require detailed consideration; (i) the 
poroviscoelastic mechanical response of hydrogels; and (ii) interfacial adhesion, which is a primary 
source of residual stresses (Gong and Osada, 2002). These properties should be probed alongside 
other well-known tribological parameters such as surface roughness and lubricant rheological 
properties (Dolan et al., 2017).  
Surface roughness plays an important role in gel friction behaviour by affecting adhesion and 
sliding resistance (Vinogradova and Yakubov, 2006; Persson and Scaraggi, 2014). By comparing 
polyelectrolyte hydrogels with different roughness, Zeng (2013) found that the trend is non-
monotonic; for very smooth surfaces the friction is higher due to stronger adhesion, and possibly 
some degree of fusion, whereby polymer chains engage into the formation of bridging adhesive 
links. For highly rough surfaces, there is a considerable resistance to sliding arising from 
deformation of asperities, which also gives rise to the friction force. For intermediate levels of 
roughness, the friction is at its lowest due to combined contributions from adhesion and 
deformation being minimised. On the other hand, surface roughness and hydrogel porosity can also 
affect microhydrodynamic environment, which is related to the fluid flow within confined areas, 
such as pockets formed in-between asperity contacts. While microhydrodynamics is related to 
lubricant viscosity, it is not directly captured by the Stribeck curve formalism; in another words, the 
scaling of entrainment speed with fluid viscosity is not sufficient to capture these effects (Persson et 
al., 2008; Persson and Scaraggi, 2011; Lorenz et al., 2013; Otsuki and Matsukawa, 2013; Selway et 
al., 2017). Due to confinement, the fluid flow depends on wetting properties of solid surfaces and 
the dynamics of spreading, which are not currently included in the Stribeck scaling.  
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2.3.3 Overview of techniques used to access the friction properties of hydrogels 
As shown in Table 2.2, for soft biphasic materials such as articular cartilage and cellulose hydrogels, 
the dependence of gel-gel friction on normal load may include time-dependent and history-
dependent relationships. This complexity makes friction experiments highly sensitive to 
measurement conditions and the type of apparatus used. Here I provide an overview (Figure 2.9) of 
the in vitro techniques commonly used for friction measurement. They can be divided into three 
types based on measurement scale and purpose: macroscale, micro-/nano-scale, and biotribological 
simulators.  
Macroscale tribometers are commonly used with controlled geometry such as pin-on-disk, ball-on-
disk and parallel plates. These configurations are suitable to investigate the macrotribological 
performance between two surfaces under different lubrication regimes by adjusting the sliding 
speed and solvent viscosity (Nalam et al., 2010). However for soft materials like hydrogels, the use 
of configurations with high pressures and significant pressure gradients (e.g. pin-on-disk, ball-on-
disk) can be prohibitive due to cracking and wear damage. In addition, complex deformations of 
soft material induced by such configurations may present additional difficulty and complicate data 
interpretation. Hence, high contact area and low-pressure contacts like those available with using a 
rheometer in a parallel-plate configuration present a reliable avenue for assessing friction behaviour 
of soft hydrogels. Micro/nano-scale techniques such as Atomic Force Microscope (Nalam et al., 
2015) and Surface Force Apparatus (Klein, 2006) are suitable for modelling single asperity contacts. 
Often, the knowledge of friction response on single asperity level is not sufficient to understand 
friction in complex biotribological contacts, yet these techniques are powerful complimentary tools 
that enable disentanglement of complex multi-scale mechanisms. Finally, biotribological simulators 
such as artificial hip and artificial mouth are optimal for assessing friction response under 
conditions that mimic closely real biotribological contacts (Vesa, 2016). For model systems, these 
techniques are less informative due to increased complexity and reduced flexibility with respect to 
the choice of suitable materials and test surfaces. 
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Table 2.2: Overview of relevant studies on hydrogel mechanics and friction 
Measurement technique Material Parameters Mechanics - Friction Relationship Reference 
Mechanics: Compression-relaxation 
and SAOS using parallel-plates 
rheometer. 
Friction: in situ Hydrogel-hydrogel 
friction immediately after mechanical 
characterisation.  
Bacterial cellulose hydrogels 
Lubricant (pectin solution) 
and polysaccharide content in 
gel. 
A power law scaling between interfacial 
yield stresses and shear storage modulus. 
(Dolan et al., 
2017) 
Mechanics: Hydrogel indented 
against cantilever in AFM equipment. 
Friction: Hydrogel against hydrogel 
surface in plate-plate rheometer. 
Poly(N,N-
dimethylacrylamide) 
(PDMAAm) gels 
Entanglement of polymer 
chains. 
Elastic modulus have little influence on 
surface friction. 
(Kurokawa et 
al., 2002) 
Mechanics: Confined and unconfined 
compression in cylindrical chamber. 
Friction: Hydrogel (after compression 
test) pin against ceramic disk in pin-
on-disk tester. 
Proprietary hydrogel 
Permeability, compressive 
load and velocity, and 
lubricant (water and bovine 
serum) 
Friction coefficient increased with 
increasing aggregate modulus. 
(Baykal et al., 
2013) 
Mechanics:  Apply flat-head cylinder 
indenter on hydrogel in micro-
tribometer. 
Friction: Hydrogel against cartilage 
surface in micro-tribometer. 
Poly(vinyl 
alcohol)/Hydroxylapatite 
(PVA/HA) hydrogel 
Freeze-thawing cycles and 
HA content 
Friction coefficient is inversely 
proportional to elastic modulus. 
(Zhang et al., 
2009) 
Mechanics: Hydrogel indented 
against cantilever in AFM equipment. 
Friction: Hydrogel scanned in the 
direction perpendicular to the 
cantilever beam in AFM equipment. 
Osteochondral gels 
Applied load, scan area and 
sliding speed. 
Positive relationship between friction 
coefficient and elastic modulus increased 
with load. 
(Park et al., 
2004) 
Mechanics: Biaxial rocking motion 
on materials in hip wear simulator. 
Friction:  Biaxial rocking motion in 
hip wear simulator. 
Various materials (Zirconia, 
CoCr, Alumina and etc.) 
Number of cycles, materials 
and load. 
Positive relationship between friction 
coefficient and Young’s modulus for 
different materials 
(Vesa, 2016) 
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Figure 2.9: Schematics of common techniques for friction measurement. (a) pin-on-disk 
and (b) ball-on-disk tribometer on macro scale; (c) atomic force microscope, reproduced 
from Hölscher et al. (2008), and (d) surface force apparatus, adapted from Anzalone et al. 
(2006) on micro/nano scale; (e) hip motion simulator, reproduced from Vesa (2016). 
For soft regenerated cellulose hydrogels, the parallel plate-plate geometry in rheometer is 
considered to provide the best measurement conditions compared with other techniques mentioned 
above. Not only because it avoids complex deformation and regional high pressure, but also it 
enable to measure in situ mechanical properties immediately prior to measuring the tribological 
response between pairs of hydrogels according to the newly developed tribo-rheological technique 
(Dolan et al., 2017). As shown in Figure 2.10.a, a pair of hydrogel disks are brought into contact 
under load, an oscillatory shear measurement is then applied to define shear modulus. Thereafter the 
top gel (attached to top plate) rotates and the torque applied to maintain constant rotation angular 
velocity is recorded over time (Kurokawa et al., 2002). This technique is adapted and modified in 
my thesis for mechanical and friction characterisation of hydrogels. Furthermore, in order to 
estimate the mechanical modulus, the poroelastic model developed by Bonilla et al. (2016) was 
utilised and modified in my thesis. This model has been utilised previously to model the normal 
stress data for bacterial cellulose hydrogels generated over a series of similar compression-
relaxation steps. 
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Figure 2.10: Parallel-plate geometry; (a) Schematic of mechanical and friction measurement 
using parallel-plate geometry, reproduced from Dolan et al. (2017). (b) Hydrogel-glass contact 
in water under different compressive forces viewed by novel optical approach, dark region 
represents the trapped-water at interface that causes reduction in contact area, reproduced 
from Yamamoto et al. (2014). 
Despite many advantages, fluid can be trapped between hydrogel surfaces in parallel-plate 
rheometer tests, and the fluid region is surrounded by an annulus region of surface contact. 
Therefore it is challenging to predict the real surface contact area. A novel optical method was used 
to investigate the macroscopic contact between polyacrylamide hydrogels and glass in water 
(Yamamoto et al., 2014). As shown in Figure 2.10.b, the experiments confirmed the existence of a 
heterogeneous contact between hydrogels under low compressive pressures. When surfaces slide, 
pre-trapped water spreads over the interface and decreases the contact area, leading to reduced 
friction. This finding highlights the importance of monitoring the contact area, shape of the contact, 
and the amount of trapped-water. Previously, Dolan et al. (2017) utilised a Comsol Multiphysics 
model to simulate the compression of two poroelastic surfaces in solvated environment. The 
thickness of fluid film between surfaces was considered as a function of the axial modulus of gel 
that determined the surface deformation during compression, and the solvent viscosity that 
determined its resistance to be squeezed out of interface. The variation in the film thickness at 
different spatial position was predicted using modified Reynolds equation, and the real contact area 
was predicted (Bujurke and Kudenatti, 2006; Bujurke et al., 2007; Yousfi et al., 2015). The 
numerical results are consistent with the case of heterogeneous contact, where fluid film is present 
(and maintained) at the centre of the contact between two disks. In particular, the contact area 
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following compression was found to decrease with increasing solvent viscosity by increasing pectin 
concentration in solvent (Dolan et al., 2017). 
2.4 Literature Review Summary and Scope for Future Work 
The biotribological contacts in natural materials such as articular cartilage are reviewed at first. 
Articular cartilage (AC) can accomplish remarkable low friction under various conditions to protect 
bones, which is enabled by a combination of modes of fluid-film lubrication and boundary 
lubrication (McNary et al., 2012). Current development of cartilage-mimetic materials highlight 
hydrogel as an alternative material mainly because of its potential to mimic the mixed lubrication 
mechanism of AC, yet applications are still challenging due to lack of mechanical toughness 
(Beddoes et al., 2016).  
To overcome the current challenges, I have turned to seek inspiration from other natural materials. 
The tribological phenomena in plants are equally remarkable as those in animal kingdom; in order 
to enable plant growth, tribological contact is mediated by pectin-rich middle lamella where a 
relative sliding must occur between adjacent cell walls under high turgor pressure during plant 
growth (Cosgrove, 2005). Bacterial cellulose hydrogels have been commonly utilized as a model 
system of plant cell walls in previous study. Yet the main gap is that they are found of lack of 
control of pore size distribution and network density (Lopez-Sanchez et al., 2014). Another class of 
cellulose hydrogels are regenerated cellulose hydrogels that are fabricated via ionic liquid 
regeneration process. The gap in the literature on regenerated cellulose materials is that the effect of 
additives on the mechanical and friction properties have not been systematically evaluated. Despite 
limited evidence in the literature, the key results obtained on bacterial cellulose suggest that 
xyloglucan improves compressive stiffness while pectin improves lubrication (Lopez-Sanchez et al., 
2015; Lopez-Sanchez et al., 2017). In addition, the mechanisms of lubrication in regenerated 
cellulose systems remain largely unexplored, thus limiting the scope for rational structure design 
and engineering. 
Analysis and understanding of biphasic deformation presents significant challenges and complexity 
in taking network porosity, solid deformation and fluid transport into consideration simultaneously. 
The focus of previous works has been placed on poroelastic effects in hydrogels with high 
permeability like articular cartilage and bacterial cellulose hydrogels, considering a binary mixture 
of two immiscible phases: a porous incompressible solid phase and an incised fluid phase (Lopez-
Sanchez et al., 2014). The gap on poroelastic theory is that the evaluation of viscoelastic and plastic 
contributions were limited. In addition, the role of fluid pressurization on the shear modulus and 
friction response remains poorly understood. 
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The review on literature provides scope for future work in this thesis. The remarkable friction 
properties in natural materials such as articular cartilage and plant cell walls inspire investigation of 
tribological behaviour of cellulose-based hydrogels that have similar biphasic network structure, 
ability to form surface coatings, as well as modulate ability to incorporate fluids with a controlled 
rheological profile. This project plans to utilize biomimetic approach and seeks to design cellulose 
composite hydrogels by using plant cell wall-based hemicelluloses (e.g. xyloglucan and 
arabinoxylan from different sources). By evaluating the effect of these additives on the mechanical 
and friction properties of cellulose hydrogels, the promising leads for creating new materials for 
biomimetic and biomaterial engineering will be identified. Based on the newly-developed gels, I 
aim to develop a phenomenological scaling model to map the effects of viscoelasticity and fluid 
pressurisation on the mechanical moduli, fluid permeability, and friction behaviour. In addition, one 
aim of this thesis is to replicate the boundary lubrication of articular cartilage for cellulose 
hydrogels by designing a lubricin mimic. The idea of creating xyloglucan-pectin polysaccharide 
conjugates (block-co-polymers) is based on the known ability of xyloglucan to specifically bind 
cellulose, while pectin, due to abundance of galacturonic acid residues, is a perfect candidate for a 
role of a polyelectrolyte domain. I envisage that the results of this project may address current 
limitation in biomaterial design with high load bearing capacity and ultra-low friction. These 
materials should provide a useful tool for exploring biolubrication mechanisms, as well as pave the 
way for development of future materials capable of mimicking articular cartilage, as well as exhibit 
other promising properties beneficial for foods, tissue engineering and biomedical applications. 
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Chapter 3 Materials and Methods 
3.1 Materials 
3.1.1 Regenerated cellulose hydrogels 
Cellulose and cellulose/hemicellulose hybrid hydrogels are prepared via an ionic liquid (IL) 
regeneration process. This is achieved by dissolving polymer(s) (i.e. cellulose source or with 
hemicellulose additives) in ionic liquid prior to solvent exchange with water. As listed in Table 3.1, 
different IL solvents, cellulose sources and hemicellulose additives are utilised. ILs, 1-Ethyl-3-
methylimidazolium Diethylphosphate ([Emim][DEP]) (Merck kGaA) and 1-Ethyl-3-
methylimidazolium Acetate ([Emim][Ac]) (Iolitec) are used as received without further purification. 
Mixtures of two types of IL are also used as solvent with different weight ratios between 
[Emim][DEP] and [Emim][Ac]; 5/5, 7.5/2.5, 8/2 and 9/1. Cellulose sources, Microcrystalline 
Cellulose powder (MCC) (51 µm) is obtained from Sigma Aldrich; α-Cellulose powder (α-C) is 
obtained from Sigma Aldrich and sieved before use. Hemicellulose additives, Tamarind Xyloglucan 
powder (XG) and Wheat Arabinoxylan powder (WAX) are obtained from Megazyme; Plantago 
Ovata Arabinoxylan (POAX) is provided by Dr Long Yu, which is extracted from Plantago ovata 
seed mucilage (Yu et al., 2017).  
Table 3.1: Materials used for fabrication of regenerated cellulose hydrogels 
 Material Abbreviation Source 
Ionic Liquid 
1-Ethyl-3-methylimidazolium 
Diethylphosphate 
[Emim][DEP] Merck kGaA 
1-Ethyl-3-methylimidazolium 
Acetate 
[Emim][Ac] Iolitec 
Cellulose 
Microcrystalline Cellulose 
powder 
MCC Sigma Aldrich 
α-Cellulose powder α-C Sigma Aldrich 
Hemicellulose 
Tamarind Xyloglucan powder XG Megazyme 
Wheat Arabinoxylan powder WAX Megazyme 
Plantago Ovata Arabinoxylan POAX 
Extracted from Plantago 
mucilage polysaccharides 
 
For pure cellulose hydrogels, 0.25 g of cellulose powder is added in 10 g of IL; for 
cellulose/hemicellulose hybrid hydrogels, 0.05 g of hemicellulose powder is blended with 0.20 g of 
MCC powder before mixing with 10 g of IL. The final concentration of polymer(s) in IL is 2.5 wt%. 
The polymer(s)/IL mixture is stirred at room temperature for 15 minutes to disperse polymer(s) 
powder which also helps dissolution. The mixture is then heated and kept at 95 °C for one hour to 
get dissolved completely with continuous stirring. Following the dissolution step, the polymer(s)/IL 
mixture appears transparent and devoid of particulates, which is then poured into pre-heated PEEK 
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moulds (80 °C) directly. After cooling to room temperature8 (about 25 °C), the moulds are covered 
by glass tops (using ‘foldback’ clips) and submerged in a beaker of deionized water for 5 days, 
where water is exchanged twice a day to complete solvent exchange from IL to water. During this 
process the clear and yellow coloured polymer(s)/IL solution (Figure 3.1.a) regenerates into a white 
and hazy hydrogel (Figure 3.1.b) when IL is completely leached out and replaced with water.  
 
Figure 3.1: Ionic liquid regeneration process; (a) Polymer(s)/IL solution in 
mould, (b) Hydrogel (free of IL) formed in mould after solvent exchange 
PEEK Moulds  
The dimension of cellulose hydrogels needs to be consistent to ensure quantitative mechanical and 
tribological characterisation. Polyether Ether Ketone (PEEK) moulds with glass tops were designed 
for casting hydrogels with 40 mm diameter and 2 mm thickness. Volume reduction occurrs during 
solvent exchange process where polymer(s)/IL solution transforms to hydrogel, leading to surface 
shrinking and wrinkling. Therefore the mould is designed with a notch (Figure 3.2) at the top edge 
in order to hold some excess volume of the solution. In addition the notch provides easier access for 
water during solvent exchange and regeneration. The designed PEEK moulds were successfully 
used to fabricate hydrogels with controlled dimension. 
                                                             
8 During cooling process, I found that cooling too quickly caused gel to wrinkle, which typically took less than 5 
minutes by placing the moulds directly in room temperature. Thus the moulds were cooled slowly in a pre-heated 
oven (80 °C) that has been turned off, which typically took about 3 hours back to room temperature. 
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Figure 3.2: PEEK mould. 
3.1.2 Bacterial cellulose hydrogels  
The bacterial cellulose hydrogels are used as a benchmark system in this study to compare with 
regenerated cellulose hydrogels. The fabrication methods of bacterial cellulose hydrogels is adapted 
from Popper (2011) using Gluconacetobacter xylinus (ATTC53524 American Type Culture 
Collection). The frozen bacterial strain stored in Hestin Schramn (HS) agar liquid is revived by 
incubating on HS agar plates for 72 hours at 30 C. The bacterial colonies are then transferred from 
HS agar plates to HS agar medium at 30 C under static condition. The fermentation medium is 
adjusted to pH 5 with 0.1 M HCl. The media contains 50 w/v% glucose as a carbon source. After 72 
hours post inoculation, cellulose fibre pellicles (hydrogels) are formed on top of the container. An 
orbital platform shaker is used to agitate medium for 5 minutes at 350 rpm to dislodge bacteria from 
hydrogel samples. The bacterial cellulose hydrogels are harvested from medium using forceps and 
the cellulose strings loosely attached to medium were cut off carefully. Samples are then washed in 
ice-cold deionized water under agitation at 150 rpm for 6 times. Finally, bacterial cellulose 
hydrogels with average diameter of 40 mm and thickness of 2.5 mm are obtained and stored in 0.02 
wt% sodium azide at 4 C to prevent microbiological contamination and growth.  
3.1.3 Agarose hydrogels 
Agarose gels are used as a convenient model system to develop mechanical and friction 
measurement procedures; the choice of agarose is largely due to ease of fabrication and availability 
of mechanical and friction data in the literature (Normand et al., 2000). Agarose gels are prepared 
by adding agarose (2.5 wt%) into deionized water and heating the mixture to 100 C with stirring 
for one hour. After dissolution, which is assessed visually, hot solution is transferred into pre-heated 
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PEEK moulds to fabricate gel disks of 40 mm diameter and 2 mm thickness. The moulds are 
covered with glass slide and set on a flat plate for 2 hours to cool down back to room temperature. 
 
Figure 3.3: Bacterial cellulose hydrogel. 
3.2 Characterisation Techniques 
3.2.1 Mechanical and tribological characterisation 
A Haake MARS III rheometer (Thermo Fisher Scientific) is used to measure the mechanical and 
friction properties of hydrogels at 20 °C. The method is originally adapted from Dolan et al. (2017) 
and further developed in this study. All measurements are performed using a 60 mm titanium 
parallel plate (customised in the RHEOWIN Job Manager software to have a diameter equivalent to 
the hydrogel) and a titanium metal dish (bottom geometry) to allow measurement in an aqueous 
environment. Equivalent diameter circles of emery paper (roughness P1200 roughness) are attached 
to the parallel geometries using water insoluble and non-swelling double adhesive tape. Both 
geometries are then installed in the rheometer and the zero gap is set under 4 N load to eliminate the 
normal forces induced by squeeze flow of air when zeroing the gap (Davies and Stokes, 2008). The 
zero point is reset each time the samples are changed.  
Mechanical characterisation 
A dedicated measurement protocol is developed for characterising hydrogel mechanical properties, 
which consists of a sequence of compression, relaxation and oscillatory shear. The detailed 
measurement parameters are listed in Table 3.2. A single gel is put on bottom geometry. The initial 
measurement gap is set at 3000 µm, where the top geometry is below the edge of bottom geometry 
but hydrogel and top geometry are not touching. The bottom geometry is then filled with deionized 
water to completely submerge the top geometry, and the normal force is set to zero.  
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Table 3.2: Measurement parameters in mechanical characterisation 
Step Parameter Value 
Compression 
Axial ramp 0.005 mm/s 
Target normal 
force 
0.5 N, 1.0 N, 3.0 N, 5.0 N, 7.5 N, 10.0 N 
Relaxation Duration 
500 s, 800 s, 1000 s, 1200 s, 1400 s, 1600 s 
responding to progressively target normal forces in 
previous step 
Oscillatory Shear 
Amplitudes Sweep 
(OSAS) 
Shear stress 
Range from 0 to 5 Pa 
(0 ~ 2 Pa for bacterial cellulose hydrogels) 
Frequency 1 Hz 
Duration 60 s 
 
First, the top plate is lowered using the axial ramp to reach the target normal force. To avoid 
cracking of gels under load higher than fracture force9, the compression step is operated within a 
controlled normal force range (0.5 ~ 10 N). The axial ramp maintains constant axial speed, which is 
found to produce reproducible compression-relaxation profiles. The second step is relaxation; once 
the target normal force is reached, the gap is kept at constant until normal force relaxes to a plateau 
or a slow variation regime (Lopez-Sanchez et al., 2014). The time required for fully relaxation 
increases with the progressively load applied. Thereafter an oscillatory shear amplitude sweep 
(OSAS) is performed to determine the storage modulus G’ and loss modulus G” of hydrogel with a 
range of shear stresses (0 ~ 5 Pa) at constant frequency (1 Hz). The range of shear stresses is 
selected within the Linear Viscoelastic Region (LVR) (Table 3.3), which is experimentally 
determined for each type of hydrogels in a separate set of tests. Top plate is then lifted up to the 
initial measurement gap and held for 30 s to allow water fill in the gap between the hydrogel and 
top geometry. The next cycle of measurement is restarted with progressively increasing normal load. 
Typically, 3-6 compression–relaxation cycles are performed for each gel sample. 
Table 3.3: The experimentally determined linear viscoelastic region (LVR) 
Hydrogel Range of shear stresses 
Agarose (2.5 wt %) gel 0 ~ 10 Pa 
Bacterial cellulose (ca. 0.72 wt %) hydrogel 0 ~ 2 Pa 
Cellulose (2.5 wt %) hydrogel derived from [Emim][DEP] 0 ~ 8 Pa 
Cellulose (2.5 wt %) hydrogel derived from [Emim][Ac] 0 ~ 7 Pa 
 
One of the major developments of this rheometer-based technique is the controlled axial speed of 
compression. The HAAKE MARS III rheometer has two available types of compression steps; 
‘axial ramp’ and ‘axial time’. The axial time was chosen in the original rheometer-based technique 
developed by Dolan et al. (2017). When the axial time is completed, the axial compression stops 
and the experimental procedure moves to the next step. In this study, I realised that this method has 
a number of deficiencies, including variable compression speed, which in case of viscoelastic 
                                                             
9 Typically, the fracture force for MCC hydrogel derived from [Emim][Ac] is about 20 N of compression. 
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materials results in compression/relaxation artefacts related to slow recovery of the system during 
the compression step. When the target normal force is reached, the system keeps holding the sample 
at the set normal force by reducing gap until the set axial time is up, resulting in variable axial speed. 
The axial ramp, which maintains constant axial speed, was found to result in more controlled and 
reproducible compression-relaxation profiles. However, the settings for the normal force break 
criteria were rather non-trivial to access; upon detailed investigation with the equipment 
manufacturer, the break option was enabled via the “Rotation Control” panel within the RheoWin 
software (the detailed setting panel in provided in Appendix A). The break-criteria function stops 
the compression and moves to the next step (relaxation) immediately after the target normal force is 
reached. Moreover, the axial ramp can be set at different axial speeds, which is helpful to evaluate 
the sample viscoelastic and poroelastic properties. 
 
Figure 3.4: Consistency of shear modulus G and storage modulus G’ obtained from OSAS. 
Data is measured using a single agarose hydrogel under progressively compression load. 
Another major modification to the established rheometer-based technique is the introduction of the 
oscillatory shear step, which is used to determine the storage modulus G’ and loss modulus G” of a 
hydrogel. In the original method, a small amplitude oscillatory shear (SAOS) step was run at 
constant small shear stress (1 Pa) for 60 seconds (Dolan et al., 2017). This shear stress was suitable 
for bacterial cellulose hydrogel that previous work studied, because its LVR is typically 0 ~ 2 Pa 
(Table 3.3). However, for hydrogels with wider LVR (e.g. 0 ~ 10 Pa for agarose gel), I found 
oscillatory shear amplitude sweep (OSAS) applying a range of shear stress on hydrogel is more 
practicable. The data accuracy can be confirmed by comparing the shear modulus (G) and storage 
modulus (G’); if the discrepancy is below 5% the data set is accepted (Figure 3.4). According to the 
expression, 𝐺 =
𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠
𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛
=
𝜏

 , the linear shear modulus (G) is calculated by the ratio between 
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shear stress and shear strain recorded during OSAS. The storage modulus (G’) of hydrogels is 
calculated by rheometer directly. 
Friction characterisation 
A dedicated measurement protocol is developed and optimised for characterization of friction 
behaviour between a pair of hydrogel surfaces. The detailed measurement parameters are listed in 
Table 3.4. After attaching sand papers to top and bottom geometries, a pair of hydrogels are glued 
to the rough surface of sand papers (Figure 3.5) using cyanoacrylate adhesive (RS 473-423) and 
centred with the help of a stencil. The initial measurement gap is set at 6000 µm, where the top 
geometry is below the edge of bottom geometry but two hydrogels are not touching. The bottom 
geometry is then filled with deionized water to completely submerge the top geometry, and the 
normal force is set to zero. 
Table 3.4: Measurement parameters in friction characterisation 
Step Parameter Value 
Compression 
Axial ramp 0.005 mm/s 
Target normal 
force 
0.5 N, 1.0 N, 3.0 N, 5.0 N, 7.5 N, 10.0 N 
Relaxation Duration 
500 s, 800 s, 1000 s, 1200 s, 1400 s, 1600 s 
responding to progressively target normal forces in 
previous step 
Oscillatory Shear 
Amplitudes Sweep 
(OSAS) 
Shear stress 
Range from 0 to 5 Pa 
(0 ~ 2 Pa for bacterial cellulose hydrogels) 
Frequency 1 Hz 
Duration 60 s 
Rotation 
Rotation speed 0.024 /s 
Duration 
Manually controlled until shear strain reaches ~ 
100 % 
 
The compression-relaxation and OSAS steps are similar to those used for mechanical 
characterisation. Two hydrogel surfaces come into contact upon compression; once the force is fully 
relaxed to a plateau value the contact is assumed to be under constant load10. Thereafter, the top 
surface is rotated against bottom surface at a constant angular velocity. The torque (M) required to 
maintain the constant angular velocity is recorded as a function of shear strain. To quantify the 
friction response, shear stress 𝜏  is calculated from torque by RheoWin software according to 
equation 3.1. The radius R utilised in calculation by RheoWin software is 40 mm, consistent with 
hydrogel radius.  
𝜏 =
2𝑀
𝜋𝑅3
 3.1 
                                                             
10 Typically, normal force remains within  20% during rotation. 
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Figure 3.5: Friction characterisation; a pair of regenerated cellulose hydrogels glued to emery 
papers that are attached to top and bottom geometries, respectively. 
3.2.2 Scanning electron microscope 
Scanning electron microscope (SEM) is used to image outer and cross-sectional surfaces of freeze-
dried samples with the aim of ascertaining morphologies of the matrix phase of hydrogels. For each 
hydrogel, at least two sample pieces (approximately 2 mm × 2 mm) are cut from the pellicle to 
expose the cross-sectional fracture surface. Using forceps, the samples are quickly snap-frozen in 
liquid nitrogen for 10 s. Immediately after freezing, the frozen samples are transferred into a 
container with pre-cooled absolute ethanol and incubate container at -20 °C for 24 hours. Thereafter, 
the samples are transferred to a fresh container with pre-cooled absolute ethanol for further 24 hours. 
Then, samples are put in the holder (120–200 μm, ProSci Tech, Thuringowa) and immersed in 
absolute ethanol at room temperature, and then subjected to the critical point CO2 drying procedure 
using Tousimis Autosamdri-815 CP dryer (Maryland). Dried samples are coated with Iridium at 15 
mA for 180 s (Q150TS, Quorum Technologies) at around 6 nm thickness. SEM imaging is 
conducted using HITACHI SU3500 SEM at acceleration voltage of 5 kV. 
3.2.3 Cryogenic scanning electron microscopy 
The method of Aston et al. (2016) is adapted for the sample preparation and cryogenic scanning 
electron microscopy (Cryo-SEM) imaging. The hydrogel samples are prepared by high pressure 
freezing. For each hydrogel, a piece of sample (0.1 cm × 0.1 cm × 0.1 cm) is cut from the pellicle. 
Each sample is put into a metal specimen carrier (Bal-Tec freeze-fracture brass platelets), with 
using hexadecane to occupy the voids within the carrier. The specimen carrier is then loaded into 
the high pressure freezer (Bal-Tec 010), where sample is rapidly frozen by a jet of high pressure 
(>2100 bar) liquid nitrogen. Thereafter the frozen samples are immediately transferred and stored in 
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liquid nitrogen. Before Cryo-SEM imaging, the well-frozen dome of sample is exposed by carefully 
separating the lid and the base of the specimen carrier under liquid nitrogen using a custom made 
“hat remover”. The base with sample is placed on a holder (Gatan Alto, ALT 136) and transferred 
under vacuum into the cold preparation-chamber (Gatan Alto, 2500) of SEM. Inside preparation-
chamber, the sample is fractured with a knife (Gatan precision cold rotary fracture knife, ALT 335) 
to expose a clean surface, and then was coated with Pt at 10 mA for 120 s at around 5-10 nm 
thickness. The Cryo-SEM imaging is conducted using JEOL JSM-7100F SEM at acceleration 
voltage of 2 kV. 
3.2.4 Atomic force microscopy 
Experimental Procedure 
The atomic force microscopy (AFM) imaging is conducted in water in intermittent contact mode 
using MFP-3D-BIO scanning probe microscope (Asylum Research) mounted on an inverted 
fluorescent optical microscope Eclipse Ti2 (Nikon). Imaging and force spectroscopy is conducted 
using Bruker DNP-10 Si3N4 tips mounted on V-shaped cantilevers calibrated using thermal method 
(average spring constant 0.33  0.12 nN/nm) (Hutter and Bechhoefer, 1993; Sader et al., 2012). A 
rod-like piece of hydrogel (length  5 mm, width 2 mm) is cut using a scalpel blade and positioned 
in a PDMS well with the diameter of 4 mm mounted on a glass microscope slide. The PDMS well 
(2 mm deep) is filled with UV-curing dental resin (Kerr Corporation). After insertion, the mounted 
hydrogel sample is cured for 30 s under halogen lamp source (100 W). Once cured, the dental resin 
hardens and the hydrogel is firmly fixed. The rod-like piece of hydrogel is cut longer than the depth 
of the PDMS well, and, therefore, the section of the hydrogel is protruding above the surface. Using 
a scalpel blade, the protruding part of the hydrogel piece is sliced off to expose a freshly cut surface 
of hydrogel material that was never in contact with air before. Immediately after slicing the 
hydrogel sample is immersed in water and mounted on the microscope stage ready for imaging and 
force spectroscopy mapping.  
All force spectroscopy curves are recorded in the closed loop mode using driving speeds ranging 
from  300 to 1000 nm/s to minimise the impact of hydrodynamic drag (Vinogradova et al., 2001). 
The force spectroscopy two-dimensional maps are recorded at 32x32 points resolution which 
corresponds to the spatial pixel size of 50 nm. All measurements were done at 25 C.  
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Force Curve Analysis 
Raw force versus distance curves are recorded as a function of the voltage output from the position 
sensitive device versus calibrated z-position of the piezotranslator. The output voltage of the 
position sensitive device is converted into a deflection in metres by calculating the slope of the 
constant compliance line measured against a glass substrate in water. The force is calculated by 
multiplying deflection by the cantilever spring constant. The zero position is determined as the 
cross-section point of the baseline and the tangent line corresponding to the onset of the indentation 
curve, where cantilever deflection starts to deviate from the baseline. Positive values are attributed 
to the indentation section of the curve. The apparent separation is calculated by subtracting 
cantilever deflection from the z-position of the piezotranslator. No further assumptions are made as 
to whether the initial parts of the response corresponded to surface forces or actual indentation. 
Further analysis is performed using a dedicated custom-written MATLAB code that is described in 
detail elsewhere (Bonilla et al., 2015). 
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Chapter 4 Effect of Ionic Liquid Type, Cellulose Source, and 
Processing Conditions on the Formation of Regenerated Cellulose 
Hydrogels 
4.1 Introduction 
The following chapter seeks to develop cellulose hydrogels with possibility of controlling hydrogel 
composition, polysaccharide concentration, and establish potential routes for controlling hydrogel 
microstructure. The cellulose hydrogel needs to be suitable for investigating biphasic mechanics 
and gel-gel friction using the rheometer-based technique introduced in Section 3.2.1. Section 2.2.2 
reviewed different types of cellulose hydrogels including bacterial cellulose hydrogels and 
regenerated cellulose hydrogels. Regenerated cellulose hydrogels fabricated via chemical routes (i.e. 
dissolution in ionic liquid) have advantage of allowing controlled incorporation of additives into 
cellulose gels. The key concern, however, is cellulose re-crystallisation in ionic liquid (IL), which 
leads to poor mechanical properties, with brittleness being of a particular concern (Bendaoud et al., 
2017).  
In order to design regenerated cellulose hydrogels with targeted performance such as toughness and 
low friction, the knowledge of the impact of different factors on gel formation such as cellulose 
source and the type of IL-based solvent is crucial. Therefore, this chapter focuses on development 
of fabrication methods of regenerated cellulose hydrogels, and examines the influence of IL type, 
cellulose source, and processing conditions on the gel formation, microstructure and mechanical 
properties. More specifically, the Results Section 4.3 reports the investigation of the microstructures 
and crystallographic type of regenerated cellulose hydrogels, as well as provides characterisation of 
rheological properties of the polymer(s) solutions in ILs. Characterisation techniques include 
rotational rheometer, 13C CP/MAS Nuclear Magnetic Resonance (NMR) Spectroscopy and X-ray 
Diffraction (XRD) as outlined in Experimental Section 4.2.  
4.2 Experimental Section 
4.2.1 Materials  
Regenerated cellulose hydrogels were fabricated according to material methodologies detailed in 
Section 3.1. Briefly, polymer(s) (i.e. cellulose source or with hemicellulose additives) were added in 
IL solvent. Following the dissolution step with heating and stirring, the polymer(s)/IL solution 
appeared transparent and devoid of particulates, which then were cast into pre-heated PEEK moulds 
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directly. After cooling, the moulds were covered by glass plates and submerged in a beaker filled 
with deionized water. Upon several water exchanges, the IL is completely leached out and replaced 
by water, resulting in the formation of hydrogels.    
A set of cellulose hydrogels were fabricated using different cellulose sources, hemicellulose 
additives and IL solvents were utilised as listed in Table 3.1. Cellulose sources include 
microcrystalline cellulose powder (MCC) and α-cellulose powder (α-C). Hemicellulose additives 
include tamarind xyloglucan powder (XG), wheat arabinoxylan powder (WAX) and plantago ovata 
arabinoxylan (POAX). These additives were mixed with MCC prior to dissolution step. ILs include 
1-Ethyl-3-methylimidazolium diethylphosphate ([Emim][DEP]) and 1-Ethyl-3-methylimidazolium 
acetate ([Emim][Ac]).  
For convenience, and to distinguish cellulose/IL solutions and cellulose hydrogels in this chapter, I 
adapted the following notations (Table 4.1); for example, solution of MCC dissolved in 
[Emim][DEP] was designated as MCC/[Emim][DEP] solution. After solvent exchange, MCC 
hydrogels derived from [Emim][DEP] solution was designated as MCC[Emim][DEP] hydrogel. 
Cellulose (MCC)-hemicellulose hybrids derived from [Emim][DEP] were designated as CXG, 
CWAX and CPOAX, respectively. 
The viscosities of polymer(s)/IL mixtures are studied utilizing AR-G2 rheometer; the 
crystallographic types of original cellulose powder and regenerated cellulose hydrogels are studied 
by 13C CP/MAS NMR and XRD. The microstructures of regenerated cellulose hydrogels are 
imaged using normal Scanning Electron Microscope (SEM), Cryogenic Scanning Electron 
Microscopy (Cryo-SEM) and Atomic Force Microscopy (AFM) as detailed in Section 3.2.2, 
Section 3.2.3 and Section 3.2.4, respectively. 
Table 4.1: The set of cellulose/IL solutions and cellulose hydrogels. 
Cellulose Hemicellulose Ionic Liquid Cellulose/IL solution Cellulose hydrogel 
MCC - [Emim][DEP] MCC/[Emim][DEP] MCC[Emim][DEP] 
MCC XG [Emim][DEP] CXG/[Emim][DEP] CXG 
MCC WAX [Emim][DEP] CWAX/[Emim][DEP] CWAX 
MCC POAX [Emim][DEP] CPOAX/[Emim][DEP] CPOAX 
MCC - [Emim][Ac] MCC/[Emim][Ac] MCC[Emim][Ac] 
α-C - [Emim][DEP] -C/[Emim][DEP] -C[Emim][DEP] 
α-C - [Emim][Ac] -C/[Emim][Ac] -C[Emim][Ac] 
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4.2.2 Characterisation methods 
Rheometer 
The viscosity of polymer(s)/IL solutions was measured using AR-G2 rheometer equipped with 
parallel-plate geometry11 with 40 mm titanium plates. The gap zero position was set at 4 N of 
normal force to eliminate artefacts induced by the squeeze flow of air when zeroing the gap (Davies 
and Stokes, 2008). To avoid water vapour absorption or evaporation from solution, a thin film of 
silicon oil (0.01 Pa·s) was placed at the edge of the plates. The measurements were performed with 
controlled shear stresses from 0.1 Pa to 100 Pa. Shear stress is determined from the torque applied 
to the plate to maintain the constant annular velocity. Viscosity 𝜂 is calculated based on the plate 
radius R, gap height h, applied torque M and measured angular velocity 𝛺 according to Equation 4.1 
(Davies and Stokes, 2008). 
𝜂 =
3𝑀ℎ
2𝜋𝑅4𝛺
(1 +
d ln 𝑀
3d ln 𝛺
) 
4.1 
The temperature was set at 25 °C. At least three replicates were tested and the average value of 
viscosities were recorded as a function of shear rate. Standard silicon oil (0.1 Pa·s at 25 °C) was 
used as a calibration oil to verify the accuracy of method, and the measured value of viscosity is in 
line with expected value (data shown in Figure 4.1).  
13C CP/MAS Nuclear Magnetic Resonance Spectroscopy 
Cellulose powders and regenerated cellulose hydrogels were examined using solid-state 13C 
CP/MAS Nuclear Magnetic Resonance (NMR) spectroscopy experiments at a 13C frequency of 
75.46 MHz on a Bruker MSL-300 spectrometer (Bruker, Billerica, MA, USA). Water was squeezed 
from the hydrogels by compressing under microscope slide and they were packed in a 4-mm 
diameter, cylindrical, PSZ (partially-stabilized zirconium oxide) rotor with a KelF end cap (Phan et 
al., 2017). All CP/MAS and all SP/MAS spectra water were acquired on hydrated samples. The 
rotor was spun at 5 kHz at the magic angle (54.7°). The 90° pulse width was 5 s and a contact time 
of 1 ms was used for all samples with a recycle delay of 3 s. The spectral width was 38 kHz, 
acquisition time 50 ms, time domain points 2 k, transform size 4 k and line broadening 50 Hz. At 
                                                             
11 Parallel-plate geometry was chosen over cone-plate geometry initially because α-C / [Emim][DEP] solution exhibit 
‘gel-like’ behaviour at 25 °C, which I concerned may cause jam in the very narrow gap between cone tip and plate. 
However for non-Newtonian fluids where rheological behaviour is shear rate dependent, cone-plate geometry is more 
suitable with equal shear rates across the gap. Therefore cone-plate geometry is recommended for future work to 
verify the results measured by parallel-plate geometry.  
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least 5000 scans were accumulated for each spectrum. Spectra were referenced to external 
adamantine (Lopez-Sanchez et al., 2015). 
X-Ray Diffraction 
X-ray Diffraction (XRD) was utilised to evaluate the crystallographic type of the regenerated 
cellulose hydrogels. Samples were analysed on a Rigaku SmartLab Thin-Film X-Ray 
Diffractometer equipped with a 9 kW Cu rotating anode, operated at 45kV and 200mA, and a 2D 
hybrid pixel array detector (operating in 1D mode for these experiments). Data were collected using 
a reflection (−) geometry with a parallel beam / parallel slit analyser (PB/PSA) collimation 
which included: a multilayer focusing and monochromating mirror, a 5.0 degree incident Soller slit 
and a 0.114 degree PSA.  Data were collected from 5 degrees to 60 degrees in two-theta at a 
resolution of 0.04 degrees and at 3 degrees per minute. 
4.3 Results and Discussion  
4.3.1 Rheological properties of polymer(s)/ionic liquid solutions – link to mechanical 
properties of hydrogels after solvent exchange. 
The influence of IL solvents, cellulose sources and hemicellulose additives on the rheological 
properties of polymer(s)/ionic liquid solutions is analysed by measuring the steady shear viscosity 
using AR-G2 rheometer; the average flow curves are shown in Figure 4.1. The flow curves of pure 
[Emim][DEP] and [Emim][Ac] solvents are overlapping with silicon oil (0.1 Pa·s), indicating the 
difference in their viscosities is not significant. MCC/[Emim][DEP], -C/[Emim][DEP] and -
C/[Emim][Ac] solutions all show shear thinning behaviour, while a Newtonian behaviour is 
observed for MCC/[Emim][Ac] solution, demonstrating a clear difference in their rheological 
properties. The cellulose source (-C or MCC) had a profound effect on the rheology of cellulose 
solutions in ILs. First, MCC showed better solubility in [Emim][DEP] (i.e. faster dissolution) than 
-C. Second, -C/[Emim][DEP] solutions appear visually more elastic compared to 
MCC/[Emim][DEP]. Notably, the ‘elastic’ behaviour of -C/[Emim][DEP] solutions was observed 
even at elevated temperature (up to 90 C) where solubility is higher. This indicates that a likely 
reason for differences between different cellulose sources is the molecular weight of cellulose, 
which I infer is markedly large in -C compared to MCC. The addition of hemicellulose polymers 
into MCC/[Emim][DEP] solution resulted in an increase in solution viscosity of mixtures, even 
though the total concentration of polymer(s) in all solution is kept the same.  
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The Newtonian-like behaviour of MCC/[Emim][Ac] solution remains somewhat puzzling. It is 
possible to hypothesis that cellulose polymer chains adopt a more compact conformation in 
[Emim][Ac], and hence polymer chains exhibit less stretching under shear. Alternatively, it is 
possible to suggest that low viscosity of MCC in [Emim][Ac] is due to hydrolytic activity of 
[Emim][Ac], which reduces cellulose molecular weight as previously reported in Michud et al. 
(2015).  
 
Figure 4.1: Flow curves of 2.5 wt% polymer(s)/ILs solutions made with different types of ILs, 
sources of cellulose material and hemicellulose additives. The measurements are performed 
under the controlled shear stress conditions, with values ranging from 0.1 Pa to 100 Pa. 
All hydrogel disks formed following solvent exchange from various polymer/IL solutions were 
visually smooth and homogeneous. Even though the cellulose source (-C or MCC) had a profound 
effect on the rheological behaviour of cellulose/IL solutions, it showed limited influence on the 
hydrogel mechanical modulus 12. Upon compression, the difference in the mechanical modulus 
between -C and MCC hydrogels (Figure 4.2) was not as dramatic as their variation in rheological 
properties when dissolved in ILs.  
From visual observation, MCC[Emim][DEP] gels (i.e. hydrogels formed from MCC dissolved in 
[Emim][DEP]) had a more transparent appearance compared to MCC[Emim][Ac] gels, which is 
partially attributed to the kinetics of cellulose assembly upon solvent exchanges. The MCC[Emim][Ac] 
gels appear less elastic and more brittle compared to MCC[Emim][DEP] gels, which is also confirmed 
by mechanical characterisation (results shown in Figure 4.3). The reason for brittleness of 
                                                             
12 The mechanical modulus data presented in this chapter are given for comparative purposes only. These data aim to 
illustrate the effect of different cellulose sources and solvents on the mechanical properties of the gels formed. The 
procedure for determination of hydrogel mechanical properties will be discussed in detail in Chapter 5. 
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MCC[Emim][Ac] gels  is proposed to occur due to the depolymerisation of MCC in [Emim][Ac] at 
temperatures higher than 60 °C (Michud et al., 2015).   
 
Figure 4.2: Comparison of the mechanical modulus of cellulose hydrogels made by different 
cellulose sources, MCC and -C. Further details on the determination of mechanical 
properties will be presented in Chapter 5. 
Mixing two types of ionic liquids was also attempted as detailed in Section 3.1. 
MCC[Emim][DEP]/[Emim][Ac] :9/1 (i.e. MCC hydrogels derived from [Emim][DEP]/[Emim][Ac] = 9/1) 
showed better mechanical toughness compared with MCC[Emim][Ac] gels while weaker than 
MCC[Emim][DEP] gels. Surprisingly, MCC[Emim][DEP]/[Emim][Ac]:8/2 appeared even weaker than 
MCC[Emim][Ac], with these observations being confirmed by mechanical characterisation (data shown 
in Figure 4.3). Further, when the mixtures of ILs ([Emim][DEP]/[Emim][Ac]) with the ratios 
7.5/2.5 and 5/5 were used the self-supporting gel has not formed at all, and the resulting products 
had ‘mushy’ appearance (Figure 4.4). Overall, [Emim][DEP] showed better hydrogel formation 
ability with formation of hydrogels with higher mechanical modulus compared with [Emim][Ac].  
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Figure 4.3: Comparison on mechanical modulus of MCC hydrogels derived from different 
solvents; [Emim][DEP], [Emim][Ac] and mixture of  [Emim][DEP] and [Emim][Ac]. Further 
details on the determination of mechanical properties will be discussed in Chapter 5. 
 
 
Figure 4.4: Regenerated cellulose hydrogels derived from different solvents; (a) Cellulose 
hydrogels made with [Emim][DEP], (b) Cellulose hydrogels made with [Emim][Ac] and (c) 
Mushy appearance of product made with the solvent mixture - [Emim][DEP] / [Emim][Ac]: 
7.5/2.5 
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4.3.2 Microstructures of hydrogels made from different IL types and cellulose sources. 
SEM was used to observe the surface and cross-sectional morphology of critical point CO2-dried 
samples. Porous structure were observed for all of the hydrogels as expected (Figure 4.5). All 
hydrogels appeared homogeneous on the microscale. Moreover, the morphology of the fracture 
surfaces were distinct in appearance for hydrogels fabricated using different cellulose sources 
(MCC, α-C) and ionic liquid solvents ([Emim][DEP], [Emim][Ac]) as shown in Figure 4.5. 
Hemicellulosic polysaccharides additives (XG, WAX and POAX) are also found to affect the 
microstructures as shown in Figure 4.6. 
Despite observed differences, the critical point dried samples suffered from artefacts associated 
with ice crystallisation, which rendered analysis and interpretation of gel morphology unreliable. To 
rectify this problem, Cryo-SEM and tapping mode AFM imaging in liquid were performed; the 
representative images produced using both techniques for MCC[Emim][DEP] and CXG[Emim][DEP] gels 
are shown in Figures 4.7 and 4.8, respectively. Both methods revealed that MCC[Emim][DEP] gels have 
smaller pore size compared to CXG[Emim][DEP]. In addition, a marked contrast of the frequency signal 
is observed in the frequency signal in tapping mode AFM imaging, indicating the non-linear 
response of AFM-cantilever oscillation when in contact with gel material (see Figure 4.8). This is 
attributed to the significant viscoelastic hysteresis in these gels. 
 
Figure 4.5: Scanning electron microscopy (SEM) images of the fracture surfaces of cellulose 
hydrogels fabricated using different cellulose sources and ionic liquid solvents. The SEM 
imaging is conducted on critical point dried samples at acceleration voltage of 5 kV. 
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Figure 4.6: SEM images of the fracture surfaces of composite hydrogels fabricated using MCC 
as a cellulose source and different hemicellulose polysaccharides as additives. All four hydrogels 
are fabricated using [Emim][DEP]. The SEM imaging is conducted on critical point dried 
samples at acceleration voltage of 5 kV. 
 
 
Figure 4.7: The Cryo-SEM images of the fracture surfaces of MCC and CXG hydrogels. Both 
hydrogels are fabricated using [Emim][DEP]. The Cryo-SEM imaging is conducted on high 
pressure frozen samples at acceleration voltage of 2 kV. 
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Figure 4.8: Atomic force microscopy (AFM) images of the freshly cut (under water) surfaces of MCC and 
CXG hydrogels. Both hydrogels are fabricated using [Emim][DEP]. The AFM imaging and force 
spectroscopy is conducted in water in intermittent contact mode using V-shaped cantilevers (average spring 
constant 0.33  0.12 nN/nm). The marked contrast in the frequency signal (e.g. from −40 Hz to 40 Hz for 
MCC at 20 µm) reflects the degree of anharmonic oscillations of an AFM cantilever when tapping the 
viscoelastic gel material. 
4.3.3 Chemical composition and crystallinity analysis of hydrogels made from different IL 
types and cellulose sources. 
XRD and solid-state 13C CP/MAS NMR spectroscopy are utilised to study the crystallographic type 
of regenerated cellulose hydrogels. The XRD diffractograms (Figure 4.9) obtained from regenerated 
cellulose hydrogels are distinct from the original cellulose powder. For original MCC powder, 
peaks of crystalline cellulose Type I are detected at diffraction angles (2θ) of 15.2°, 16.8°, 23.4° and 
34.6 and are in perfect agreement with the literature (Parilla et al., 2010). The Crystallinity Index 
(CI) of original MCC powder is estimated to be around 50% by peak deconvolution method, which 
is calculated by the ratio of crystalline area to the total area under the diffraction peaks (Wojdyr, 
2010). After regeneration process, the peaks corresponding to cellulose Type I have completely 
vanished, and, instead, a low-intensity amorphous halo was observed at 2θ position of 21°, 
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corresponding to the main diffraction peak of cellulose II structure (Isogai et al., 1989). It is a well-
documented phenomenon that naturally occurring cellulose is exclusively of Iα and Iβ 
crystallographic type, while upon regeneration using ILs and eutectic solvent the cellulose re-
crystallises into a mixture of amorphous cellulose and cellulose II  (Zhang et al., 2014; Bendaoud et 
al., 2017). Generally, the broadening of the peak is attributed to the amorphous content, although 
other factors including crystallite size and non-uniform strain distribution within micro-crystals may 
also play a role (Parilla et al., 2010). Due to the broadness of peak (halo) as shown in Figure 4.9, I 
conclude that cellulose contained in hydrogels after regeneration process is predominantly 
amorphous, although some cellulose Type II domains must be present.   
 
Figure 4.9: XRD spectra of original cellulose powder and regenerated cellulose hydrogels. 
In the case of cellulose-hemicellulose hybrid hydrogels, the contribution from hemicellosic 
polysaccharides additives was not observable using XRD. Thus 13C CP/MAS NMR is utilised to 
provide a more accurate assessment of the Crystallinity Index (CI). In the NMR spectra shown in 
Figure 4.10, typical signal regions of C-1 (101 - 109 ppm), C-4 (80 - 93 ppm), C-2,3,5 (69 - 80 ppm) 
and C-6 (58 - 65 ppm) are corresponding to the distinct carbons of cellulose pyranose ring. 
In the NMR spectra of original cellulose powders, the peak at 89 ppm is assigned to the C-4 in 
ordered crystalline cellulose structures, and the peak at 84 ppm is assigned to the C-4 of disordered 
non-crystalline cellulose (Atalla and Vanderhart, 1999).  In order to calculate CI, the area of 
crystalline peak (integration of the region from 87 to 93 ppm) is divided by the total area of C-4 
peaks (integration of the region from 80 to 93 ppm) (Mansfield and Meder, 2003). The CI of the 
original cellulose powders was determined to be 58 % and 46 % for MCC and α-C, respectively. 
This CI value is in line with the result calculated from XRD spectra (~50%). 
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Figure 4.10: 13C CP/MAS NMR spectra of original cellulose powder and regenerated cellulose 
hydrogels of (a) microcrystalline cellulose and (b) α-cellulose. 
For all regenerated MCC hydrogel samples, the crystalline C-4 peak was not identifiable, while the 
intensity of non-crystalline C-4 peaks was enhanced compared to the original cellulose powder. 
This suggests that due to cellulose regeneration, a large amount of crystalline cellulose is 
transformed into the form of non-crystalline. In addition, the non-crystalline C-4 peak broadens 
upon regeneration, which is attributed to the amorphous cellulose phase. Overall, NMR and XRD 
data are found to be in a close agreement, which confirms that cellulose I recrystallizes into a 
mixture of amorphous cellulose and cellulose II following the regeneration process.  
In the case of hybrid hydrogels, a peak observed at 100 ppm in the CXG composite is consistent 
with the presence xyloglucan as indicated by the chemical shift of C-1 of xylose at 99.5 ppm. As 
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XG is soluble in water, the presence of XG suggests it is able to persist within hydrogel following 
regeneration process in water. With regards to other hemicelluloses, the NMR data were 
inconclusive, which is chiefly due to the broadness of the cellulose C-1 peak (101-109 ppm) that 
overlaps with the expected C-1 peaks for arabinoxylan expected at 102 ppm and 109 ppm. 
Alternatively, one can hypothesis that WAX and POAX are present in a highly mobile state in the 
hydrated hydrogel system, and therefore their CP/MAS NMR signal has a very low intensity. I also 
note, that NMR data showed no marked indications of possible chemical reactions occurring 
between biopolymers and between biopolymer(s) and ionic liquid under specified processing 
conditions.  
4.4 Concluding Remarks 
In this chapter, the effects of ionic liquid type, cellulose source, and processing conditions on 
hydrogel formation were discussed including hydrogel microstructure, cellulose crystallographic 
type, as well as the potential IL-induced chemical degradation of polysaccharides. First, when 
cellulose is dissolved in ILs, [Emim][DEP] and α-C result in higher solution viscosity compared to 
[Emim][Ac] and MCC, respectively. When hydrogels are formed after replacing IL with water, 
MCC[Emim][DEP] hydrogels exhibit less brittle behaviour with higher mechanical modulus compared 
to MCC[Emim][Ac] hydrogels, suggesting that [Emim][Ac] may leads to cellulose depolymerisation at 
high temperature (100 °C) (Mansfield and Meder, 2003; Michud et al., 2015). MCC exhibits better 
solubility in [Emim][DEP] than α-C, however this circumstance had no obvious repercussion on the 
mechanical properties of hydrogels upon regeneration. Second, it was confirmed that hydrogels 
have biphasic porous structure, and the size of the pores is of the order of a few hundred of 
nanometres. Third, due to cellulose re-crystallisation upon regeneration, all fabricated cellulose 
hydrogels are comprised of amorphous cellulose with some crystalline cellulose of Type II, as 
confirmed by NMR and XRD data.  
The outcomes of this chapter provide information that direct the choice of the appropriate solvent 
and cellulose source for the future work directed at evaluating the mechanical and friction 
properties of regenerated cellulose hydrogels. MCC[Emim][DEP] hydrogel is chosen as a benchmark 
material to study biphasic mechanics in Chapter 5, as MCC exhibits better solubility than α-C and 
[Emim][DEP] results in higher mechanical modulus than [Emim][Ac]. The porous structures found 
in these hydrogels support the use of biphasic mechanical model (Chapter 5), as well as are of key 
importance for determining the effect of hemicellulose additives on the mechanical properties of 
hybrid hydrogels (Chapter 6). 
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Chapter 5 Dynamic Mechanical and Friction Properties of 
Regenerated Cellulose Hydrogels 
5.1 Introduction 
The relationship between frictional force and load between biphasic surfaces is non-linear, 
distinctly different from most solid materials used in engineering tribology that conform to 
Amonton’s law (Persson et al., 2008; Otsuki and Matsukawa, 2013). Therefore, knowledge of the 
mechanics of biphasic material with respect to the applied load is a crucial step towards building a 
link between mechanical properties and tribological behaviour.  
In this chapter, I address three key aims: 
1. To enable quantitative assessment of mechanical and friction properties of biphasic hydrogels in 
a fully hydrated state with low concentration of solid network.  
2. To explore the effect of fluid pressurization on mechanical response of cellulose-based biphasic 
materials.  
3. To explore the effect of compression on the dynamic tribological contact formed by 
poroviscoelastic tribopairs.  
Addressing these research questions is enabled through the utilisation of a rheometer-based 
technique, which is originally developed by Dolan et al. (2017).  This technique incorporates in situ 
mechanical characterisation (compression–relaxation and OSAS) immediately prior to measuring 
the tribological response between pairs of hydrogels. In order to enable measurement using 
regenerated cellulose hydrogels, I have adapted and modified this technique as detailed in Section 
3.2.1. The Results Section 5.3 reports the investigation of the mechanical properties of biphasic 
cellulose hydrogels under compression, as well as provides insights into the tribological behaviour 
of these materials under sliding conditions. 
5.2 Experimental Section 
5.2.1 Mechanical and tribological characterisation of hydrogel 
Cellulose hydrogels were fabricated according to the material methodologies detailed in Section 3.1. 
The hydrogel mechanical properties and friction behaviour were measured using a rotational 
rheometer and the detailed measurement procedure is described in Section 3.2.1. The measurement 
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steps are illustrated in Figure 5.1. Briefly, in the case of mechanical characterisation, one gel is 
positioned on the bottom geometry and is compressed by the upper plate to reach the given target 
normal force. The bottom geometry is dish-shaped and filled with deionized water so that all 
physical measurements on hydrogels are conducted in an aqueous environment. After compression, 
the gap is kept at constant value to allow the normal force to relax to an equilibrium value. After 
full relaxation, an oscillatory shear amplitude sweep (OSAS) is performed and the storage (G’) and 
the loss moduli (G’’) of the hydrogels are evaluated. In the case of friction characterisation, two 
hydrogels are attached to the bottom and the top plates separately. After compression, relaxation 
and OSAS steps, the top plate is rotated at constant angular velocity to probe the tribological 
response between hydrogel pairs. The compression ratio (CR) is calculated using equation 5.1, 
where the initial thickness (hi) of the hydrogel is taken where the hydrogel start being compressed 
and the final thickness (h) where compression step is completed.  
𝐶𝑅 =
ℎ𝑖 − ℎ
ℎ𝑖
 5.1 
 
Figure 5.1: A schematic diagram showing the steps for mechanical and tribological 
characterisation tests. 
5.3 Results and Discussion  
5.3.1 Modelling the hydrogel mechanics during the compression-relaxation cycle 
Figure 5.2 shows a typical compression-relaxation profile recorded on a regenerated cellulose 
hydrogel. During measurements, the normal force (𝐹𝑁) is recorded, while the target normal force 
(𝐹𝑁
𝑇) is a set to be reached by the rheometer at the end of the compression segment. To illustrate the 
procedure, the 𝐹𝑁, is plotted against test time and gap in Figures 5.2.a and 5.2.b, respectively. As 
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gap reducing, hydrogel is compressed between geometries, with larger CR corresponding to higher 
𝐹𝑁
𝑇 . Once the 𝐹𝑁
𝑇  is reached, further compression is ceased and the gap, h, is kept constant. 
Thereafter 𝐹𝑁 decreases due to the poroelastic and viscoelastic relaxation of the material. Figure 
5.2.c shows the time dependency of force relaxation presented in a dimensionless form using the 
ratio 𝐹𝑁 𝐹𝑁
𝑇⁄ . It was noted that the degree of relaxation increases with CR, indicating with increasing 
𝐹𝑁
𝑇 the contribution from poroelastic and viscoelastic effects is increasing. Figure 5.2.d shows the 
dependence of 𝐹𝑁 on hydrogel deformation. I observe two regimes where the dependence of 𝐹𝑁 on 
deformation increases significantly from slope A to slope B. Such transition represents a dramatic 
increase in the resistance of hydrogel to compression, which, I hypothesise, may be associated with 
complete squeeze-out of the fluid that separates hydrogel with the upper plate. Since for each 
compression the surfaces were withdrawn, this transition was observed for all cycles regardless of 
the applied 𝐹𝑁
𝑇 value.  
 
Figure 5.2: Typical compression-relaxation profiles of MCC[Emim]DEP] hydrogel; (a) Normal force 
dependence on experimental time, (b) Normal force dependence on gap h. Cycles 1 ~ 6 
correspond to the progressively increasing target normal force (𝐹𝑁
𝑇) from 0.5 to 10 N. Each cycle 
shows an increase in normal force (𝐹𝑁 ) during compression step followed by a drop in 𝐹𝑁 
recorded during relaxation step. (c) The dependence of force relaxation on 𝐹𝑁
𝑇 . (d) Force versus 
displacement curves plotted using double logarithmic coordinates; two regimes are observed 
where the power law scaling increased from the slope A to the slope B. 
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The evaluation of the mechanical modulus of hydrogel was achieved by a global fitting of all 
compression-relaxation cycles using the poroviscoelastic (PVE) model developed by Bonilla et al. 
(2016). The hydrogel is assumed to be transversely isotropic in the radial plane (1, 2-plane). This is 
a reasonable assumption in the case of a hydrated soft materials under unconfined 
compression/relaxation (Cohen et al., 1998). As stated by this model, the normal stress 𝜎𝑛 on the 
hydrogel at time t is predicted to result from ramp displacement during compression (equation 5.2), 
followed by a full relaxation step at constant gap (equation 5.3). 
Compression:  
𝜎𝑛(𝑡) = 𝐸3𝜀0̇𝑡 + 𝐸1
𝜀0̇𝑅
2
𝐶11𝑘
∆3 {
1
8
− ∑
exp (−𝛼𝑛
2𝐶11𝑘𝑡/𝑅
2)
𝛼𝑛2[𝛼𝑛2∆2
2 − ∆1/(1 + 𝜈21)
∞
𝑖=1
} 5.2 
Relaxation:  
𝜎𝑛(𝑡) = 𝐸3𝜀0̇𝑡0
+ 𝐸1
𝜀0̇𝑅
2
𝐶11𝑘
× ∆3 {∑
exp (−𝛼𝑛
2𝐶11𝑘𝑡/𝑅
2) − exp [−𝛼𝑛
2𝐶11𝑘(𝑡 − 𝑡0)/𝑅
2]
𝛼𝑛2[𝛼𝑛2∆2
2 − ∆1/(1 + 𝜈21)
∞
𝑖=1
} 
5.3 
where 𝑅 is the hydrogel radius, 𝑘 is the permeability, 𝜀0̇ is the compression speed, 𝐸1 and 𝜈21  are 
the Young’s modulus and the Poisson’s ratio in isotropic plane, respectively. 𝐸3 and 𝜈31  are the out-
of-plane Young’s modulus and the Poisson’s ratio, respectively. Δ1,  Δ2 and Δ3 are given by: 
Δ1 = 1 − 𝜈21 − 𝜈31
2𝐸1/𝐸3 5.4 
Δ2 = (1 − 𝜈31
2𝐸1/𝐸3)/(1 + 𝜈21) 5.5 
Δ3 = (1 − 2𝜈31
2)Δ2/Δ1 5.6 
Further, 𝛼𝑛  corresponds to the roots of  𝐽1(𝑥) − (
1−
𝜈31
2𝐸1
𝐸3
1−𝜈21−
2𝜈31
2𝐸1
𝐸3
) 𝑥𝐽0(𝑥) = 0, where 𝐽1 and 𝐽0 are 
Bessel functions of the first kind. 𝐶11  is called “aggregation modulus”, characterizing confined 
compression: 
𝐶11 = 𝐸1(1 − 𝜈31
2𝐸1/𝐸3)/[(1 + 𝜈21)Δ1] 5.7 
The model fit of experimental data using MATLAB is shown in Figure 5.3. The hydrogels appear to 
have appreciable viscoelastic as well as poroelastic response. It is hypothesised that the increase in 
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𝐹𝑁  upon compression is due to a combination of viscoelastic solid deformation and fluid 
pressurisation. Upon reaching 𝐹𝑁
𝑇 , compression stops and the fluid pressure begins to dissipate, 
solid matrix aggregation is assumed to occur only after the hydraulic force dropped below the 
certain value counteracting adhesive interactions between cellulose network (He et al., 2014). 
Therefore, gels can relax to an equilibrium 𝐹𝑁  dominated by the solid viscoelastic response. 
Regenerated cellulose hydrogels are characterised by relatively low permeability, leading to a very 
low rate of fluid drainage, and consequently, high fluid pressures generated inside pores. The low 
permeability contributes to the deviation between fitting data and experimental data during 
relaxation. When the relaxation speed of normal stress starts to slow down between 40 – 120 s, the 
fitting model considers that hydraulic force from fluid pressure has mostly dissipated. However due 
to the low permeability of regenerated cellulose hydrogels, a large amount of fluid pressurisation is 
still trapped inside micro-pores, whose effect is not calculated in the fitting model. Therefore, the 
normal stress during 40 – 120 s from experimental data is observed slightly higher than fitting data, 
revealing additional resistance to the confinement. At very long time scale, the very slow fluid 
drainage from micro-pores contributes to the further relaxation below the steady state. Under such 
conditions, the mechanical poroviscoelastic response is determined by the aggregation and 
densification of polymer matrix, as well as by the fluid pressurisation inside micro-pores. To 
characterise mechanical behaviour, the instantaneous elastic modulus 𝐸∗ was determined from the 
slope of the axial stress-strain curve during compression, 𝐸∗ =
∆𝐹𝑁/𝐴
∆ℎ/ℎ0
; the fully relaxed modulus 𝐸∞ 
is calculated as the ratio of the residual stress to strain, 𝐸∞ =
𝐹𝑅/𝐴
∆ℎ/ℎ0
, in both expressions A is the 
contact area assumed to be equal to the geometric area of contacting disks. 
 
Figure 5.3: Representative fitting curve of a compression-relaxation profile using 
MCC[Emim]DEP] hydrogel under target normal force of 7.5 N. 
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5.3.2 Mechanical properties of poroviscoelastic hydrogels 
Typical compression-relaxation curves for agarose, alpha-cellulose (α-C[Emim]DEP]), microcrystalline 
cellulose (MCC[Emim]DEP]), and bacterial cellulose (BC) hydrogels are shown in Figure 5.4. All 
curves shown here were recorded under the same conditions, i.e. same compression speed, 𝐹𝑁
𝑇 and 
hydrogel dimension. The most obvious difference observed between hydrogels is the degree of 𝐹𝑁 
relaxation; for BC, 𝐹𝑁 relaxes to the lowest level, while MCC[Emim]DEP] and agarose hydrogels show 
lowest degree of force relaxation.  
A simple interpretation of this observation is to do with the effective concentration of fibres and 
free water content in the hydrogel. Another factor is adhesive interactions between fibres of the gel 
matrix. Under compression, the cellulose fibres within BC may come close to one another and form 
adhesive contacts (Lopez-Sanchez et al., 2014). These contacts act as points of negative stress that 
offset the elastic response of fibres. On the macroscopic scale, the effect of adhesive contacts may 
appear similar to plastic deformation, whereby stress is not recoverable and deformation is 
permanent.  
 
Figure 5.4: Compression-relaxation curve of; (a) 2.5 wt% agarose hydrogel (b) 2.5 wt% MCC 
hydrogel (c) 2.5 wt% α-C hydrogel (d) BC hydrogel. Hydrogels are compressed to 3.0 N with 
constant compression speed of 0.005 mm/s and held at constant gap for relaxation. 
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Table 5.1 shows a typical set of mechanical moduli of regenerated cellulose hydrogel, including 
storage moduli (G’) measured during OSAS and axial moduli (𝐸∗  and 𝐸∞ ) extracted from the 
compression-relaxation profiles. Both 𝐸∗ and 𝐸∞  increase with compression ratio, yet 𝐸∗ is found 
to be 2-3-fold higher than 𝐸∞. Other types of regenerated cellulose hydrogel measured in this study 
(e.g.  α-C[Emim][DEP]) also show such difference between 𝐸∗ and 𝐸∞. As explained by PVE theory in 
Section 2.3.1, fluid gets drained out through pores and fluid pressure dissipates during relaxation. 
Therefore 𝐸∞ extracted when gel is fully relaxed excludes the effect from fluid pressure, and thus 
𝐸∞ represents the mechanical modulus of viscoelastic solid; while 𝐸∗ measured during compression 
is a dynamic modulus that combines contributions from solid matrix as well as fluid pressurization. 
Table 5.1: A typical set of mechanical properties of regenerated cellulose hydrogels. Data 
were measured using four replicates of regenerated MCC[Emim][DEP] hydrogels. 
CR (%) G' (kPa) 𝑬∞ (kPa) 𝑬∗ (kPa) 
Anisotropy 
Ratio 
2.6 13 ± 2 19 ± 5 39 ± 8 1.92 
3.6 14 ± 2 21 ± 2 47 ± 7 1.99 
6.4 29 ± 2 36 ± 4 84 ± 9 2.29 
8.6 35 ± 5 37 ± 6 93 ± 23 2.63 
11.0 45 ± 5 43 ± 5 109 ± 25 2.93 
13.5 51 ± 4 48 ± 4 124 ± 17 2.98 
 
To further test this hypothesis, I glued the gels on the sandpaper attached to the bottom rheometer 
plate and run the same mechanical test on those bottom-glued gels. The axial modulus of those 
bottom-glued and non-glued samples are plotted in Figure 5.5. Under nearly-zero compression, the 
𝐸∗ of uncompressed hydrogels are similar in both cases. While under high compression, the 𝐸∗ of 
the bottom-glued hydrogels appears to be higher than non-glued hydrogels, and this trend is more 
pronounced at larger compression ratio. Yet, in both cases there is no significant difference in 𝐸∞. 
Such behaviour confirms the dominant effect of fluid pressurisation in hydrogel mechanical 
response under compression. When the bottom surface of gel is ‘sealed’ by the glue, the fluid 
cannot drain out of the gel through the bottom surface, resulting in extra fluid pressure and 
consequently higher 𝐸∗. Therefore 𝐸∗ obtained at higher compression ratio tends to be larger for 
“sealed” bottom samples than “porous” bottom samples.  
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Figure 5.5: (a) The relaxed elastic modulus (𝐸∞) and (b) the instantaneous elastic modulus (𝐸∗) 
of the MCC[Emim][DEP] hydrogels as a function of compression ratio (CR) for “bottom glued” 
(water drainage restricted) and “bottom non-glued” (water drainage allowed) conditions. The 
measurements are conducted with the progressively increasing target normal force (𝐹𝑁
𝑇) from 0.5 
to 10 N.  
The oscillatory shear measurements are conducted on fully relaxed gels. Yet, depending on the 
maximum compressive load, these gels have experienced different level of fluid pressurization 
during the preceding stages. The possibility of microstructural change induced by compression and 
fluid pressure can therefore create structural anisotropy, where load-bearing elements of the gel are 
predominantly aligned on the top and bottom layers, while elements of gel matrix in the gel’s centre 
remain largely undeformed due to fluid pressure limiting matrix deformation. To study the 
compression induced hydrogel anisotropy, anisotropy ratio 𝑎𝑟 was calculated using equation 5.8.  
𝑎𝑟 =
𝐺′
𝐸/[2(1 + 𝑣)]
=
2(1 + 𝑣)𝐺′
𝐸
 5.8 
The results shown in Table 5.1 indicate that the level of anisotropy increases with compression 
ratio. To corroborate these results further, the pore-size distribution inside the gels is considered.  
From the SEM and Cryo-SEM images shown in Section 4.3.2 it is evident that there is a wide 
distribution of pore sizes. It is possible to suggest that the load bearing capacity of pores of different 
sizes is different, with larger pores collapsing more readily (as a consequence of Darcy’s law). 
When compressive pressure is applied, the fluid drains faster from larger pores leading to pressure 
gradients between areas with smaller pores (high fluid pressure) and areas with larger pores (low 
fluid pressure). As long as the duration of the relaxation step allows the normal force to reach the 
steady state, I assume that the overall pressure gradient becomes close to zero. Therefore, the 
observed anisotropy must stem from changes in the structure elicited by the compression. I propose 
that the observed structural element that underpins anisotropy is associated with heterogeneity of 
compressed gels. 
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A Voigt model is utilised to model the relationship between substrate storage modulus (G’) and 
distribution of loading-bearing elements. Voigt model describes the modulus of a two-phase 
composite material under axial loading. In the case of cellulose hydrogels, the two-phase model can 
be constructed by introducing a notion of the ‘compressed’ and ‘uncompressed’ domains. In the 
former, the pores have predominantly collapsed, while in the latter, the pores have predominantly 
‘survived’. The overall properties of such composite material can be predicted based on the volume 
fractions and the moduli of these two phases (Lubliner and Papadopoulos, 2013). Accordingly, the 
storage modulus (G’) of the Voigt composite can be written as: 
𝐺′ = 𝜙𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑𝐺𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′ + 𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝐺𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′  5.9 
with the total of volume fractions of compressed and uncompressed phases being equal to 1: 
𝜙𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 + 𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑=1 5.10 
The proportion of load-bearing elements, represented by 𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 , increases with increasing 
load applied. When 𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑  reaches 1, there will only be one phase - compressed phase, 
indicating the whole gel is compressed at same level and the bulk mechanical modulus equals to the 
mechanical modulus of the compressed phase, 𝐺′ = 𝐺′𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 .  
By assuming that 𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑  depends linearly on the compression ratio (CR): 
𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 = 𝑘 ∙ 𝐶𝑅 5.11 
it is possible to re-write 5.9 in a form  
𝐺′ = (𝐺𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′ − 𝐺𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′ ) · 𝑘 · 𝐶𝑅 + 𝐺𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′  5.12 
By plotting the measured values of 𝐺′  versus 𝐶𝑅  and applying linear fitting, the values of 
𝐺𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′  and (𝐺𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′ − 𝐺𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′ ) · 𝑘 can be estimated from the intercept and slope, 
respectively. To elaborate this analysis further, I consider the heterogeneous microstructure of gels 
as observed using Cryo-SEM (Figure 4.7). It is possible to propose that the gel compression is 
associated with the fluid drainage out of larger pores, which, according to Darcy’s law, provide less 
resistivity compared to smaller pores. Based on Cryo-SEM images I estimate that the volume 
fraction of larger pores is ca. 0.5. Using this rough estimation as a guide and neglecting other 
possible contributions such as the densification of the cellulose-rich phase, I conclude that the 
volume of the compressed phase 𝑉𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝑝ℎ𝑎𝑠𝑒  can be equated to the change in the overall 
volume 𝑉𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑐ℎ𝑎𝑛𝑔𝑒. Dividing both values by the total volume of the gel I get 𝜙𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 ≈ 𝐶𝑅, 
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which is equivalent to Equation 5.11 with k =1. This simplification enables to obtain the values of 
𝐺𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′  and 𝐺𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′  using Equation 5.12. In the case of MCC[Emim][DEP] hydrogels, the 
Voigt-based model is successfully applied to fit experimental G’ data as shown in Figure 5.6, with a 
predicted value of 𝐺𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′  = 372.5 kPa and 𝐺𝑢𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑
′  = 3.5 kPa. In Figure 5.6, the volume 
fraction of the compressed phase ranges from 0 to 0.14 under load  10 N, indicating a high 
proportion of gel structure remains largely undeformed due to limited drainage of fluid out of 
smaller pores. 
 
Figure 5.6: Prediction of mechanical modulus using Voigt model fitting; storage moduli (G’) 
is plotted against volume fraction of compressed phase using double logarithmic coordinates. 
Atomic force microscopy (AFM) was employed to perform force-volume mapping, which enables 
evaluation of mechanical properties by analysing indentation profiles over a given area. During 
force mapping, the surface is split into a grid-like map, with force curves being recorded in all 
points of the grid. Then, each force curves is used to extract a number of parameters that 
characterise surface and material properties (Darling, 2011). Sample height, adhesion and the slope 
of the retraction part of the force curve were directly extracted from force-distance data and mapped 
on the XY-grid as shown in Figure 5.7. The modulus was then calculated using Oliver-Pharr 
approximation and the thin film elastic model as outline in detail in Bonilla et al. (2015). A 
representative spatial map of the elastic modulus is shown in Figure 5.7.  The average modulus was 
evaluated by analysing 5 maps collected using 3 separate samples of MCC[Emim][DEP] hydrogels. The 
most reliable values of the modulus can be extracted when tip is in contact with the apex of the 
matrix (as opposite of being dipped into a pore). By overlaying height and modulus maps it is 
possible to estimate the value of the elastic modulus of the polymer-rich phase, which is found to be 
~ 600 kPa for MCC[Emim][DEP] hydrogels. 
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In conclusion, the G’ of regenerated cellulose hydrogel is firstly defined during OSAS, which is in 
range from 13 to 51 kPa corresponding to increasing load from 0.5 to 10 N. A Voigt model is then 
utilised to model the relationship between bulk G’ and distribution of loading-bearing elements, 
resulting in a predicted value of 𝐺′  in compressed phase (372.5 kPa). AFM force mapping 
technique was also employed to evaluate the value of elastic modulus of the polymer-rich phase, 
which is found to be ~ 600 kPa. By comparison, this value is surprisingly close to the G’ of the 
compressed phase (372.5 kPa) predicted by Voigt model, which provides support to the proposed 
model of the compression induced anisotropy in regenerated cellulose hydrogels. To further study 
the impact of compression ratio on the mechanical modulus, it is suggested for future work to 
design a novel AFM sample holder that enables sample densification by compression as well as 
exposure of sample surface to enable AFM-based force mapping. 
Height Adhesion 
  
Slope Calculated Modulus 
  
Figure 5.7: A representative force-volume map of the section of MCC[Emim][DEP] hydrogel. The 
values of the modulus recorded at the apical positions of the topographic features were used to 
estimate the modulus of the polymer-rich phase. 
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5.3.3 Tribological response between hydrogel pairs 
During the compression step, two hydrogel surfaces form a contact; once the force is fully relaxed 
to a plateau value the contact is assumed to be under constant load. Thereafter, the top surface is 
rotated at a constant rate of 0.024 rad/s, while the torque required to maintain the set angular speed 
is recorded as a function of shear strain (the torque data are then converted to the shear stress). 
Shear stress is plotted against shear strain to evaluate the tribological behaviour as shown in Figure 
5.8. The initial stage of the curve - where shear stress increases with shear strain - corresponds to 
the shear deformation of hydrogels. At a certain point, the shear stress stops increasing and typically 
reaches a steady state (or a slow varying increasing or decreasing trend). This point is defined as the 
interfacial yield stress, where applied stress overcomes static friction and the hydrogel surfaces start 
to slide past each other.  
As shown in Figure 5.8, two distinct friction curves are frequently observed; agarose hydrogels 
showed smooth sliding friction response, while other three types of cellulose hydrogels showed 
stick-slip friction response. For agarose hydrogels, the difference in the maximum interfacial yield 
stress and the plateau value of the interfacial yield stress is attributed to the difference in the static 
and dynamic friction, respectively. This behaviour of agarose hydrogels can be classified as 
‘stiction’. By contrast, cellulose hydrogels are characterized by stick-slip behaviour, which can be 
easily seen on the graphs as zig-zag patterns with regular intervals. These two distinct friction 
responses (stiction and stick-slip) have been observed in gel-gel friction using a range of techniques, 
including tribometer and rheometer for PAMPS gels (Gong et al., 2001), as well as for articular 
cartilage (Dougados et al., 1994; Han et al., 2011).  
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Figure 5.8: Tribological responses of hydrogels; (a) Agarose hydrogels showing stiction 
friction; (b) MCC[Emim][DEP] hydrogels, (c) α-C[Emim][DEP] hydrogels and (d) BC hydrogels 
showing stick-slip friction. Hydrogels are rotated at constant angular velocity of 0.024 /s after 
being compressed to 5.0 N, except BC hydrogels are compressed to 3.0 N. 
The origin of the stick-slip response is the energy conservation/dissipation cycle between adhesive 
and sliding contact. As demonstrated previously (Dolan et al., 2017) the stick-slip between cellulose 
hydrogels may originate due to formation of cellulose-cellulose adhesive contacts. Opposite 
surfaces are adhered together and undergo bulk shear deformation before reaching the interfacial 
yield stress. During the ‘stick’ phase in subsequent shear response, it is also characterised by the 
bulk shear deformation of adhered system. Therefore, the energy conservations of system in these 
two phases are equal, which are presented by the similar slopes between shear stress and shear 
strain taken from the initial linear region and ‘stick’ phase. With regard to the ‘slip’ phase, it is 
usually considered that the energy store in the material during ‘stick’ phase must be dissipated 
completely during ‘slip’ phase. As a result, the energy cycle of system can represented by the 
frequency of the occurrence of the stick-slip. This is true in the case that the system is completely 
passive, such as spring (Klein, 2007).  However, for the friction response measured by a rheometer-
based technique, the energy profile is influenced by the feedback function of rheometer to keep 
constant angular rotation speed. When ‘slip’ phase is initiated where the energy starts to dissipate, 
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the rotation speed of opposite surfaces accelerates suddenly. The applied shear stress is then 
reduced by rheometer immediately to keep constant angular speed, which will cause interference in 
energy dissipation.  
5.4 Concluding Remarks 
In conclusion, mechanical and friction properties of poroviscoelastic hydrogels were determined 
using a tribo-rheological technique that incorporates in situ mechanical characterisation 
immediately prior to measuring the tribological response between pairs of hydrogels. I propose that 
fluid pressure plays a key role during deformation of these hydrated cellulose networks, where a 
higher load generates higher degree of pressure gradients, which consequently results in the 
heterogeneous collapse of the pores, where larger pores collapsing more than smaller ones. This 
structural heterogeneity may be responsible for the observed mechanical anisotropy, degree of 
which depends on the compression ratio.  
The friction response of regenerated cellulose hydrogels is characterised by the stick slip behaviour, 
which is associated with the formation of adhesive contacts between cellulose surfaces. The work in 
this chapter provides basis for examining mechanical properties of more complex multi-component 
hydrogels, as well as for evaluating the relationship between friction response and hydrogel 
mechanics which will be examined in Chapter 6.  
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Chapter 6 Effect of Hemicellulosic and Mucilage Polysaccharides on 
the Mechanical and Friction Properties of Hybrid Hydrogels:  
Towards Building the Link between Mechanical and Friction 
Response. 
6.1 Introduction 
Plant cell walls (PCW) exhibit remarkable load bearing capacity and lubricating properties as 
illustrated in Section 2.2. The work in this chapter focuses on applying PCW biomimetic principles 
to create regenerated cellulose-hemicellulose hybrid hydrogel using key plant-derived 
polysaccharides such as tamarind xyloglucan, wheat arabinoxylan and Plantago ovata arabinoxylan. 
This is achieved by dissolving the controlled amount of hemicellulosic polysaccharides in the ionic 
liquid solution prior to the regeneration process in water. Based on the knowledge of the mechanics 
of the biphasic material with respect to the applied load established in Chapter 5, I also seek to build 
a link between biphasic mechanics and tribological response in this chapter.  
In this chapter, I address two key aims as listed below. 
1. To explore the effect of hemicellulosic and mucilage polysaccharides on the mechanical and 
friction properties of cellulose-hemicellulose hybrid hydrogels. 
2. To explore the relationship between mechanics and friction response of biphasic materials based 
on a library of newly developed hydrogels.  
These aims are addressed by utilising the modified tribo-rheological technique described in Section 
5.2, which incorporates in situ mechanical characterisation immediately prior to measuring the 
tribological response between pairs of hydrogels. 
6.2 Experimental Section 
Cellulose-hemicellulose hybrid hydrogels were fabricated according to material methodologies 
detailed in Section 3.1. Hemicellulose and cellulose powders were blended before adding ionic 
liquid. Microcrystalline cellulose (MCC) and [Emim][DEP] were chosen as cellulose source and 
solvent, respectively, due to their better performance on gels formation as illustrated in Chapter 4. 
Three hemicellulose additives, namely, xyloglucan (XG), wheat arabinoxylan (WAX) and Plantago 
ovata arabinoxylan (POAX) were utilised and were co-dissolved with cellulose successfully in ionic 
liquid. Following dissolution, cooling and solvent exchange steps, cellulose-hemicellulose hybrid 
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hydrogels were formed and designated as CXG, CWAX and CPOAX, respectively. The hydrogel 
mechanical properties and friction behaviour were measured using a rotational rheometer as 
described in Section 3.2.1.  
6.3 Results and Discussion  
6.3.1 Effect of hemicellulosic and mucilage polysaccharides on the mechanical and friction 
properties of hybrid hydrogels 
Mechanical properties 
During dissolution process, the rheological properties of solutions containing cellulose-
hemicellulose mixture in ionic liquid were reported in Section 4.3.1. Briefly, the addition of 
hemicellulosic polymers to cellulose and ionic liquid mixtures resulted in an increase in solution 
viscosity, even though the total concentration of polysaccharides was kept constant. In Section 4.3.3, 
13C CP/MAS NMR spectroscopy and XRD measurements were utilised to probe crystallographic 
structure of hybrid hydrogels. Results suggest that hemicellulosic polysaccharides have limited 
effect on the cellulose crystallographic type – regenerated cellulose-hemicellulose hybrid hydrogels 
mainly consists of amorphous cellulose, which is same as for pure cellulose hydrogels. The 
presence of XG in CXG hydrogel is confirmed by a peak of the xylose C-1 on NMR spectra, 
suggesting water-soluble XG can be co-dissolved with cellulose in ionic liquid, and persisted in 
hydrogel following regeneration process in water. The transparency of cellulose and cellulose-
hemicellulose hybrid hydrogels was examined visually. Figure 6.1 shows that introduction of 
hemicelluloses into hybrid hydrogel resulted in a hazier appearance compared to pure cellulose 
hydrogel, especially for CPOAX hydrogel that had haziest appearance. It is hypothesized that the 
reduced transparency is induced by formation of larger particles or larger pores that scatter more 
light, which is consistent with larger pores observed using SEM and AFM imaging (Section 4.3.2). 
Despite the difference in the pore structure, the shape of compression-relaxation profiles of hybrid 
hydrogels was qualitatively similar to that of pure cellulose. Figure 6.2 shows representative normal 
force – displacement curves for pure Cellulose, CXG, CWAX and CPOAX hydrogels. As discussed 
in Section 5.3.1, the normal force arises due to a combination of the fluid resistance confined within 
pores and the elastic response of gel matrix. The resistance of hydrogel to compression can be 
characterised using the slope (B) of the force versus displacement curve plotted using double 
logarithmic coordinates. This slope reflects the power law scaling of the compression curve, which 
reflects the type of mechanical deformation. For linearly elastic materials, the slope is expected to 
be B=1 for the compression geometry used in this study (i.e., a cylinder compressed by a flat 
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surface). Amongst all hydrogels, CPOAX appears to have scaling closest to 1, while slope of 
compression curves for CXG and CWAX was found to be higher than that of pure cellulose. 
Furthermore, compared with pure cellulose and CPOAX hydrogels, less displacement is required 
for CXG and CWAX hydrogels to reach the same target normal force, which corresponds to lower 
compression ratio.  
 
Figure 6.1: Photographs of cellulose hydrogels, showing in order of decreasing 
transparency; (a) pure Cellulose, (b) CXG, (c) CWAX and (d) CPOAX hydrogels. 
Figure 6.3 summarises the dependence of the mechanical moduli on compression ratio (CR) for 
different hydrogel samples. Axial moduli (𝐸∞and 𝐸∗) were evaluated from compression-relaxation 
profile using poroviscoelastic model, while the storage modulus (G’) was extracted directly from 
the OSAS tests. At the CR  7.5 % (which is the highest values achieved for CXG and CWAX 
samples) the axial moduli (𝐸∞ and 𝐸∗ ) appear to be three time higher for CXG and CWAX 
hydrogels compared to pure cellulose and CPOAX. This result suggests that CXG and CWAX 
hydrogels are mechanical tougher compared to pure cellulose hydrogels. A similar trend was 
observed for the storage modulus (G’).  
This result appears counterintuitive; the pure cellulose hydrogels have smallest pores (Section 4.3.2), 
and thus it is expected that poroelastic resistance of the confined fluid is highest. Further, POAX 
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gels in water, and hence it is expected that CPOAX samples would have the highest fluid viscosity 
amongst all samples. Therefore an alternative hypothesis was put forward, proposing that 
differences in the gel modulus are underpinned by the properties of the gel matrix. In this 
framework, it is expected that the modulus of the polysaccharide rich phase is higher for CXG and 
CWAX gels compared to pure cellulose and CPOAX. One of the arguments to supports this 
hypothesis stems directly from gels’ microstructure; the higher porosity means that 
polysaccharides-rich phase is denser, since all gels have the same solid content (2.5 wt% of 
polymer(s)). The above hypothesis is also supported by force mapping data obtained using force 
volume AFM techniques (Section 3.2.4), with two representative modulus maps shown in Figure 
6.4. The estimated elastic modulus of the solid phase of CXG hydrogel is 1200  400 kPa which is 
significantly higher compared to pure cellulose 600  300 kPa.  
 
Figure 6.2: Typical normal force versus displacement curves of regenerated cellulose and hybrid 
hydrogels plotted using double logarithmic coordinates. The inset shows the average values of 
slope B evaluated within the range of displacements shown by the shaded area.  
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Figure 6.3: (a) The relaxed elastic modulus (𝐸∞), (b) The instantaneous elastic modulus (𝐸∗), and 
(c) the storage modulus (G’) as a function of compression ratio (CR) for regenerated cellulose and 
hybrid hydrogels. MCC and [Emim][DEP] are chosen as the source of cellulose and solvent, 
respectively. Measurements are conducted with progressively increasing target normal force (𝐹𝑁
𝑇) 
from 0.5 to 10 N. At least three replicates were conducted for each sample. 
A possible explanation for the denser matrix phase in CXG and CWAX hydrogels is the interaction 
of cellulose with hemicelluloses. The XG and WAX are both known to bind cellulose (Hayashi et 
al., 1994; Hayashi et al., 1994; Lin et al., 2015; Bendaoud et al., 2017), which can result in the 
formation of a denser amorphous material. Although XG is known to show much stronger binding 
to cellulose compared to AX, this relates to crystalline (Type I) cellulose micro-fibrils and can 
depend on the biological origin of cellulose and associated differences in their surface structure (Gu 
and Catchmark, 2013). In amorphous cellulose, the specificity of binding can be significantly 
diminished and, I hypothesise, can be driven by hydrogen bonding between xylopyranose residues 
of XG and AX with glucopyranose residues of cellulose. By contrast, POAX is characterised by the 
non-binding properties. Previous studies found that the hydrophobic interaction between POAX and 
cellulose is weak, which was considered as the key characteristic of xylan assemblies with cellulose 
fibrils in Plantago mucilage (Yu et al., 2017; Yu, 2018; Yu et al., 2018). 
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MCC CXG 
  
Figure 6.4: AFM force volume maps of the elastic modulus of pure cellulose (MCC) and CXG 
hydrogels. All plots were recorded over the area of 1.5 × 1.5 μm. 
Friction properties 
The tribological behaviour of cellulose and hybrid hydrogels is characterized by stick-slip friction, 
which is due to adhesive contact between cellulose fibres as shown in Figure 6.5. Previously, Dolan 
et al. (2017) reported that addition of XG to bacterial cellulose hydrogels eliminates stick-slip 
friction. I proposed that this discrepancy is due to differences in the binding mechanism of XG to 
amorphous cellulose (regenerated cellulose, RC) and to crystalline cellulose (bacterial cellulose, BC) 
(Gu and Catchmark, 2013). In addition, BC hydrogels have a relatively high porosity and 
consequently high water content; this facilitates solubility of XG and hence increase its mobility. 
Further, the XG in BC is always located on the surface of the fibrils, while in RC hydrogels it is 
incorporated into the polymer matrix as evident from 13C NMR results (Section 4.3.3). The 
abundance of surface-bound XG in BC can be effective at reducing adhesion between cellulose 
fibrils, resulting in the elimination of stick-slip behaviour. In addition,  high porosity of BC allows 
for more fluid to be squeezed out into the gap between the surfaces as confirmed in the previous 
work by Yamamoto et al. (2014). By contrast, RC hydrogels are markedly less porous, and 
therefore formation of a fluid film is inhibited. In the absence of the fluid film, the adhesive 
contacts cannot be prevented and, consequently, stick-slip behaviour endures. 
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Figure 6.5: Characteristic tribological responses of cellulose hydrogels tested in water under 
maximum compressive load of 7.5N; (a) a pair of cellulose hydrogels, (b) a pair of CXG 
hydrogels, (c) a pair of CWAX hydrogels pair, and (d) a pair of CPOAX hydrogels. All hydrogel 
pairs showed stick-slip sliding behaviour. 
6.3.2 Relating mechanics to tribological response of biphasic hydrogels 
The tribological behaviour between biphasic materials is challenging to predict and interpret due to 
interplay between mechanical properties, microstructure and fluid transport within pores. By 
applying the multiple compression steps with progressively increasing compressive forces, the 
contacts between two hydrogels are characterised by the increasing contact pressure. The storage 
modulus (G’) of hydrogels can be obtained by performing OSAS measurement immediately prior to 
friction measurement, which enables monitoring hydrogel mechanics for each tribological test.  
Figure 6.6 presents a logarithmic plot of the interfacial yield stress against G’. The interfacial yield 
stress between pairs of poroviscoelastic hydrogels has a power law dependency on G’ with the 
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scaling exponent of 1.3. I propose that with increasing compression ratio a higher number of 
adhesive contacts may be formed at the interface between hydrogels which results in a higher 
interfacial yield stress. The generality of the relationship for all hydrogel compositions (Cellulose, 
CWAX, CXG) and compression ratios confirms that the G’ can be utilised as a universal scaling 
parameter predicting system’s tribological behaviour.  
 
Figure 6.6: A double logarithmic plot of the interfacial yield stress against storage modulus 
(G’) of cellulose and hybrid hydrogels. The data represented in triangle symbol are measured 
by me on regenerated cellulose (RC) hydrogels; the data represented using circle symbols is 
reproduced from the previous work on bacterial cellulose (BC) hydrogel (Dolan et al., 2017). 
Even though in previous section I found that WAX and XG can enhance the mechanical properties 
of hydrogels, the similar scaling between tribological response and mechanical modulus for pure 
cellulose and hybrid hydrogels is observed. In previous work by Dolan et al. (2017), a similar 
relationship between interfacial yield stress and G’ for BC hydrogels was established with a power 
law exponent of 0.8. In my work, the measured G’ of RC are distributed in a higher range of G’ 
values (5 kPa – 60 kPa) as compared to those observed in BC hydrogels (0.3 kPa - 60 kPa). The 
interfacial yield stress of RC and BC hydrogels is matching for G’ < 20 kPa, and deviates at high G’ 
values. Despite the observed difference, both datasets are in good agreement, further suggesting 
universality of the scaling behaviour of the interfacial yield stress with the shear (storage) modulus. 
The main challenge to use parallel geometry to measure hydrogel friction is that the amount of 
trapped water at the interface between two hydrogels varies as a function of compression load, 
surface chemistry as well as solvent viscosity. Currently, the change in the contact area is assumed 
to be negligible in this work, and the interfacial yield stress is found to have a power law scaling 
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with hydrogel storage moduli (G’) with the power law exponent of 1.3. This assumption is based on 
previous studies and the estimations of real contact area reported by Dolan et al. (2017), in which 
the contact area is modelled by the squeeze flow of Newtonian fluid. However, the presence of 
nanometre-thick fluid films cannot be excluded, and hence I recommend for the future studies to 
consider re-examining the problem of the real contact area at the interface, taking into account 
wetting properties as well as higher compression ratios.  
The main challenge to use parallel geometry to measure hydrogel friction is that the amount of 
trapped water at interface between two hydrogels will vary as a function of compression load, 
surface chemistry as well as solvent viscosity. Currently, the change in the contact area is assumed 
to be negligible in this work, however, in reality, the contact area is larger under higher 
compression ratio. Therefore the estimation of real contact area at interface is suggested for future 
work, which will provide a more accurate scaling between corrected interfacial yield stress and 
mechanical modulus. I envisage the corrected scaling would be more close to 0.8 that was estimated 
in work of Dolan et al. (2017), in which the contact area is modelled by the squeeze flow of 
Newtonian fluid. 
6.4 Concluding Remarks 
In conclusion, a range of regenerated cellulose-hemicellulose hybrid hydrogels were fabricated 
successfully using ionic liquid regeneration process. The presence of xyloglucan and wheat 
arabinoxylan in hydrogels was found to enhance mechanical strength of the hydrogels, while the 
presence of Plantago ovata arabinoxylan resulted in the small and statistically insignificant 
reduction of the elastic moduli compared to pure cellulose hydrogels. The tribological response 
between pairs of hydrogels was characterised by evaluating interfacial yield stress between pairs of 
hydrogels. The interfacial yield stress is found to have a power law scaling with hydrogel storage 
moduli (G’) with the power law exponent of 1.3. I propose that this non-linear positive scaling is 
associated with the increase of the number of adhesive links formed between surfaces upon the 
increase of compression.  
The findings of this Chapter suggest that mechanically tough poroviscoelastic gels will be 
characterised by very high friction. Therefore, if one aims to achieve low friction together with 
mechanical toughness, a surface modification additive would be required to modulate adhesive 
links without influencing hydrogel’s mechanical properties. These conclusions provide inspiration 
for the work directed at the development of surface-active additives described in Chapter 7. I hope 
that this work will contribute to the development of next generation cellulose hydrogels with 
applications across biomaterials, pharmaceutics as well as in engineering tribology.  
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Chapter 7 Surface Tribology of Cellulose Hydrogels with Non-
cellulosic Polysaccharide Conjugate Additives 
7.1 Introduction 
The goal of this thesis is to demonstrate the potential of cellulose-based hydrogels to mimic the 
tribological performance of articular cartilage. As highlighted in Section 2.1.2, the key challenge of 
replicating the complex lubrication mechanism proposed for articular cartilage is the need to 
consider a combination of effects from biphasic and non-linear mechanics of the substrate, non-
Newtonian rheology of the lubricant within and between substrates, and a boundary film of lubricin 
glycoprotein at the surface. In Chapter 5 and Chapter 6, I have focused on the biphasic mechanics 
and tribological behaviour of cellulose hydrogels, as well as utilising hemicellulose additives to 
enhance the mechanical properties. I proposed that the friction of biphasic material is directly 
proportional to the mechanical modulus. Therefore, the need for a low friction surface layer is 
addressed in this chapter. The hypothesis is that novel biopolymer conjugates could be developed as 
additives to the cellulose hydrogels to provide lubricin-like functionality and versatility. In order to 
design a lubricin-like biopolymer conjugate, one needs to replicate two key aspects of lubricin’s 
chemistry: a highly hydrated polyelectrolyte domain and a binding domain.  
In this chapter I address two key aims below: 
1. To explore the effect of surface lubricant additives on friction properties of cellulose 
hydrogels. 
2. To characterise the chemical structure of novel designed conjugates. 
I hypothesise that suitable conjugates can be made by combining xyloglucan and pectin. 
Xyloglucan (XG) is known to specifically bind cellulose, while pectin, due to abundance of 
galacturonic acid residues, is a perfect candidate to provide the polyelectrolyte functionality (Pauly 
et al., 1999; Willats et al., 2001). I have designed XG-pectin polysaccharide conjugates (which are 
essentially block co-polymers) via reductive amination as outlined in Section 7.2. Section 7.3 
reports friction reduction between cellulose hydrogels with surfaces modified by XG-pectin 
polysaccharide conjugates. 
7.2 Experimental Section 
Synthesis method for XG-pectin conjugates is detailed in Section 7.2.1. Tamarind XG powder is 
obtained from Megazyme, pectin is obtained from Sigma Aldrich. Conjugate has been synthesised 
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using reductive amination with subsequent 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) 
/ N-hydroxysuccinimide (NHS) of NH2 modified XG (XG-NH2) to the -COOH groups of pectin. 
This synthetic route should result in a branched conjugate. Chemical characterisation of synthesized 
conjugates are performed using Size Exclusion Chromatography - Multi-Angle Laser Light 
Scattering (SEC-MALLS) as outlined in Section 7.2.2. 
Bacterial cellulose (BC) hydrogels were chosen as materials in the work of this chapter, because 
they are characterised with an open structure of fibril network (Figure 7.1), which allows 
penetration of conjugates inside the hydrogel material. BC hydrogels are fabricated by 
Gluconacetobacter xylinus bacteria fermentation as detailed in Section 3.1.2. 
 
Figure 7.1: Scanning Electron Micrographs (SEM) of bacterial cellulose hydrogels, 
reproduced from Bonilla et al. (2016). An open structure of fibrils network can be 
observed. 
XG-pectin conjugates (10 mg) are dissolved in 5 mL of deionized water at 45 °C for one hour with 
continuous stirring. Pure XG and pectin (i.e. pure materials of XG and pectin to synthesize XG-
pectin conjugates) are also used as a set of “controls” with same concentrations (10 mg in 5 mL). 
After completed dissolution and cooling down to room temperature, 2 mL of solution is transferred 
to the surface of each pellicle of BC hydrogel using a pipette and left overnight. BC hydrogels are 
washed thoroughly by deionized water for 30 s prior to friction measurements.  
The friction properties of BC hydrogels, with surface modified by XG-pectin conjugates, pure XG 
and pure pectin, are characterised using a rotational rheometer and the detailed measurement routine 
is described in Section 3.2.1. Briefly, a pair of BC hydrogels is attached to the parallel geometries 
separately. Following compression, relaxation and OSAS steps, hydrogel pairs are brought into 
contact with a progressively increasing applied load. Subsequently, the top plate is rotated at 
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constant angular velocity to probe the tribological response between hydrogel pairs. BC hydrogels 
are washed thoroughly in deionized water prior to friction characterisation and all measurement are 
performed in aqueous environment with bottom geometry filled with deionized water, so I consider 
that the effect of unbound material in measurement environment on friction response is negligible.  
7.2.1 Synthesis of xyloglucan-pectin conjugates 
The conjugation of XG and pectin is conducted based on the method developed by Hatton et al. 
(2016) via reductive amination with subsequent 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide 
(EDC) / N-hydroxysuccinimide (NHS) coupling of NH2 modified XG (XG-NH2) to the -COOH 
groups of pectin. The conjugation mechanism is shown in Figure 7.2. The detailed calculations on 
the amount of reactants used are shown in Appendix B.  
The first step is the synthesis of XG-NH2. XG (200 mg) is dissolved in 200 ml of deionised water at 
room temperature with stirring. After completely dissolution, the pH of mixture is adjusted to 5 
using dropwise acetic acid. After slowly addition of 9.55 μl of ethylenediamine (99% solution), the 
pH of mixture is adjusted to 5 again with acetic acid. NaCNBH3 (2.208 mg) is then added to the 
mixture and the reaction mixture is heated in a 55 °C oil bath for 18 hours. Afterwards more 
NaCNBH3 (2.208 mg) is added and reaction was continued for another 6 hours. The resultant 
solution is concentrated by using a rotary evaporator at 72 mbar, 60 °C for 30 minutes. Then the left 
solution is centrifuged at 8500 rpm for 20 minutes, and the dried product is obtained via 
precipitation in ethanol after washing for 3 times. After freezing at -72 °C for 30 minutes, the 
intermediate product XG-NH2 is obtained. The second step in to bond XG-NH2 to pectin. XG-NH2 
(100 mg) is dissolved in 100 ml of deionised water. Then EDC (4.44 mg) and NHS (3.28 mg) are 
added in 1 ml of deionised water before being transferred to the XG-NH2 solution. Afterwards 
98.56 mg of pectin is added to the mixture and reaction is conducted for 24 hours at room 
temperature with stirring. The resultant solution is concentrated by using a rotary evaporator at 72 
mbar, 60 °C for 30 minutes. Then the left solution is centrifuged at 8500 rpm for 20 minutes, and 
the dried product is obtained via precipitation in ethanol after washing for 3 times. After freezing at 
-72 °C for 30 minutes, the final product XG-Pectin is obtained. 
7.2.2 Chemical characterisation of xyloglucan-pectin conjugates 
The conjugate product obtained from synthesis may contain a large amount of unreacted XG and 
pectin. Therefore an Ion Exchange (IE) chromatography column (HiTrap QFF column) was utilized 
to separate charged species (pectin and conjugates) and neutral XG prior to chemical 
characterization. Samples were analyzed using Size Exclusion Chromatography - Multi-Angle 
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Laser Light Scattering (SEC-MALLS) according to the methods described by Wang et al. (2015). 
Samples were dissolved in distilled water with the concentration of 2 mg/mL and separated using a 
Waters SEC-MALLS system (Wyatt Technology) equipped with a refractive index detector and 
GRAM 100 and GRAM 3000 columns. SEC-MALLS separates by molecular size, specifically the 
hydrodynamic radius Rh. Differential refractive index detector was used to obtain the weight 
distributed molecular size. Although the conjugates are non-starch polysaccharides, the analysis was 
conducted using pullulan standards; therefore the reported molecular Rh are not absolute and should 
be considered with the degree of caution.  
 
Figure 7.2: Scheme of reaction mechanism for XG-pectin conjugation using reductive 
amination with subsequent EDC/NHS coupling of XG-NH2 to -COOH groups of pectin. The 
reaction scheme is partially adapted from Hatton et al. (2016). 
7.3 Results and Discussion  
7.3.1 Surface tribology in the presence of pectin, xyloglucan and xyloglucan-pectin conjugate 
additives  
The derived XG-pectin conjugates were utilized to modify surface chemistry of BC hydrogels. 
Figure 7.3 shows the friction between hydrogel surfaces using the rheometer-based method by 
rotating the top plate (with gel attached on) at constant angular velocity against the bottom gel in an 
aqueous environment (as described in Section 3.2.1).  The measured shear stress and friction 
coefficients are plotted against shear strain, where the friction coefficient 𝜇 is defined as 𝜇 =
𝜏
𝜎
 (𝜏 is 
shear stress, 𝜎 is normal/axial stress).   
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Typically, cellulose hydrogels are characterised by stick-slip friction behaviour due to the adhesive 
contact between cellulose surfaces as illustrated in Section 5.3.3. In Figure 7.3, such stick-slip 
behaviour is also observed for unmodified BC hydrogels (Figure 7.3.a and Figure 7.3.c), while the 
stick-slip is eliminated for BC hydrogel with surface modified by XG-pectin conjugates (Figure 
7.3.b and Figure 7.3.d). Therefore I hypothesise that the modified hydrogel surfaces are prevented 
from coming into adhesive contact by XG-pectin conjugate, which may be governed by the 
enhanced lubrication provided by pectin at hydrogel surfaces. Moreover, the introduction of 
conjugate additives significantly reduces the interfacial yield friction coefficient, from 1.5-1.6 
(unmodified BC) to 0.6-0.7 (BC with surfaces modified by conjugates). BC hydrogels were tested 
after washing in deionized water, which reduces the chance of unbound material affecting the 
friction response.  
Pure XG and pectin (i.e. pure XG and pectin materials used for the synthesis of conjugates) are also 
used as “controls” to modify the surface of BC hydrogels. The results are shown in Figure 7.4; 
neither XG nor pectin are capable of eliminating stick-slip behaviour. BC hydrogels modified by 
pectin exhibit similar friction coefficient as unmodified BC (1.5-1.6). Although pectin is supposed 
to provide strong hydration and lubrication due to its negatively charged galacturonic acid residues, 
it appears that pure pectin did not adsorb on cellulose surface, rendering its addition ineffective. 
This is in line with literature that pectin is commonly attested as a non-binding component of 
cellulose-hemicellulose networks (Somerville et al., 2004), although an increasing number of 
studies suggest that pectin can also interact with cellulose-hemicellose networks (Lin et al., 2016; 
Lopez-Sanchez et al., 2017), this interaction is based on cross-linking of pectin using Ca2+ making it 
entrapped within the network.  
In the case of XG-pectin conjugates, XG acts as the binding domains to cellulose microfibrils via 
extensive hydrogen bonding due to a close match between the spacing of hydroxyl groups of 
glucose and xylose residues in cellulose and XG, respectively (Fry, 1989; Pauly et al., 1999). 
Therefore pectin is effectively bound to cellulose surfaces via XG links, resulting in the reduction of 
adhesive contact between cellulose surfaces. In addition, pure XG induced some modest decrease in 
friction coefficient (1.0-1.2), which indicates that adsorption of XG is sufficient to modulate friction 
response. XG was also found to modify the surface lubrication of BC hydrogels in previous study 
(Dolan et al., 2017). It was proposed that the presence of xyloglucan creates a boundary lubrication 
layer, which provides hydration and leads to the extensive repulsive forces between surfaces. 
It has been shown by previous studies that the friction between cellulose fibres was unusually high 
compared with other nanotribological systems, which is mainly attributed to the interfacial adhesion 
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between cellulose fibres (Stiernstedt et al., 2006). In this work, the friction coefficient between 
cellulose hydrogels has been reduced from 1.5-1.6 to 0.6-0.7 by surface modification using XG-
Pectin conjugates. In Figure 7.5, the interfacial yield stress of BC hydrogels is plotted against 
storage modulus (G’) in double logarithmic scale. The power low exponent is found to decrease 
from 1.69 to 1.35 after surface modification with XG-Pectin conjugates, indicating reduced 
dependency of friction on the mechanical toughness of hydrogel structure. I propose that the 
number of adhesive contacts is reduced at the interface between hydrogels which results in a lower 
interfacial yield stress. These data provide an encouraging result on the possibility of using 
conjugate additives to modulate boundary friction and enhance lubrication between cellulose, as 
well as other biological fibres. A key mechanism proposed for the enhancement of lubrication is 
through the reduction of adhesion between cellulose fibrils, which, in turn, promotes interfacial 
sliding and fluid entrainment into the gap between surfaces. The problem remains, however, as 
these values are rather high when compared to friction coefficients obtained for lubricating 
biological contacts (< 0.01). Furthermore, in some XG-Pectin modified BC hydrogels, the stick-slip 
friction behaviour reappears after a very long duration of contact. This indicates the adhesive 
contact between cellulose is still relatively strong, especially, with increasing the contact time. This 
effect, I propose, may be associated with the method of conjugate addition to the cellulose surface. 
In the current method, hydrogel surfaces are dipped in conjugates solution overnight and then 
washed with excess of water. This method may limit the amount of pectin-XG conjugates binding 
onto the surface of cellulose fibrils. As a result, a large proportion of cellulose fibres may remain in 
the unmodified form and induce the relatively high friction. In order to further lower the friction 
coefficient between cellulose hydrogels, I recommend future work to be focused on improving the 
methods of cellulose hydrogel modification using conjugates, especially by adding conjugates in the 
medium during fermentation and formation of bacterial cellulose fibres, which may affect binding 
efficiency. In addition, modification of surface roughness is recommended, which has a large 
impact on the friction coefficient by manipulating the squeeze dynamics of fluid films and 
controlling the thickness and the area of the water pockets trapped between the gel disks.  
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Figure 7.3: Comparison of interfacial shear stress and interfacial friction coefficient measured 
between cellulose hydrogel pairs under normal loads13; (a, c) unmodified bacterial cellulose, (b, 
d) bacterial cellulose modified with xyloglucan-pectin conjugates.  The surfaces of bacterial 
cellulose hydrogels were immersed in conjugates solution overnight and washed in water before 
testing. 
 
                                                             
13 Normal load (force) is measured during the rotation step in friction measurement (Section 3.2.1). Typically, normal 
load (force) remains within  20% during rotation 
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Figure 7.4: Comparison of interfacial shear stress and interfacial friction coefficient 
measured between hydrogel pairs under normal loads; (a, b) bacterial cellulose modified with 
XG, (c, d) bacterial cellulose modified with pectin. The surfaces of bacterial cellulose 
hydrogels were immersed in polysaccharides solution overnight and washed in water before 
testing. 
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Figure 7.5: A double logarithmic plot of the interfacial yield stress against storage modulus 
(G’) of unmodified BC hydrogels and XG-Pectin modified BC hydrogels. The power law 
exponent decreases from 1.69 to 1.35 by addition of XG-Pectin additives.  
7.3.2 Chemical analysis of xyloglucan-pectin conjugates 
SEC-MALLS is conducted to obtain an average molecular weight of conjugation products to 
compare with pure materials: XG and pectin. The molecular weight (MW) and hydrodynamic radius 
(Rh) are determined by Mark-Houwink Equation 7.1 and Fox-Flory Equation 7.2, respectively, 
assuming a linear flexible chain molecule, where 𝑀 is the polymer molecular weight, 𝜙′  is the 
Flory viscosity constant, 𝑋 is a proportional constant, 𝐾 and 𝑎 are Mark-Houwink parameters, and  
[𝜂] is intrinsic viscosity (Kok and Rudin, 1981; Smilgies and Folta‐Stogniew, 2015). The values of 
the Mark-Houwink parameters are dependent on the specific polymer-solvent system. 
 [𝜂] = 𝐾𝑀𝑎 7.1 
𝑅ℎ = 𝑋
𝑀[𝜂]
𝜙′
 7.2 
The SEC-MALLS results are shown in Figure 7.6. Overall a well-pronounced separation of pectin 
and XG can be observed. However at the moment the data are inconclusive with regards to the 
outcome of the conjugation reaction. One would expect that conjugates’ MW is the sum of XG and 
pectin; yet, the chromatogram of conjugates shows no clear indication of species with effective 
hydrodynamic radius (Rh) larger than that of XG.  
It is speculated that Mark-Houwink parameter for the conjugates can be very different from XG, 
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rendering the difference between Rh of conjugates and the parent XG insignificant (Masuelli, 2014). 
Alternatively, it is also postulated that due to a broad distribution of molecular weights of XG, the 
kinetics of the reaction skews the result towards smaller molecular weights. In other words, within a 
broad population of XG molecules, the smaller ones are more likely to form conjugates compared to 
the larger ones because of the increased probability of collision with NH2-NH2 during reductive 
amination reaction.  
 
Figure 7.6: SEC-MALLS results on IE-separated conjugates sample and pure materials of 
pectin and xyloglucan. 
7.4 Concluding Remarks 
The design of a lubricin mimic for cellulose hydrogels is based on replicating its structure where a 
highly charged polyelectrolyte block is bound by the substrate-binding domain. To implement this 
design, I have synthesised xyloglucan-pectin polysaccharide conjugates. These conjugates are 
shown to significantly reduce the interfacial friction coefficient between bacterial cellulose 
hydrogels, as well as eliminate stick-slip behaviour. A key mechanism proposed for the enhanced 
lubrication is through the reduction of adhesion between cellulose fibrils, which promotes 
interfacial sliding and fluid entrainment into the gap between surfaces. These data provide an 
encouraging result on the possibility of using conjugate additives to modulate boundary friction 
between cellulose hydrogel substrates. However, further analysis of conjugation products is 
required to establish the structure of the derived conjugates and assess quantitatively the yield of the 
conjugation reaction. 
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Chapter 8 Conclusions and Future Perspectives 
8.1 Conclusions 
The overall aim of this project was to design cellulose-based hydrogels with controlled mechanical 
and tribological performance that may address current limitations in cartilage-mimic materials and 
enable designing biomaterials with high load bearing capacity and ultra-low friction. The key 
developments and findings of this project to achieve this aim are summarised below. 
Ionic liquid regeneration process was developed and utilised to fabricate a range of regenerated 
cellulose-based hydrogels with better-controlled microstructures and compositions, compared with 
bacterial cellulose hydrogels that were widely used as a model system of plant cell walls in previous 
studies. Regenerated cellulose hydrogels were found to mostly comprise of amorphous cellulose 
due to cellulose re-crystallisation of naturally existing cellulose Type I into cellulose Type II. 
Furthermore, based on plant cell wall-mimic idea, cellulose-hemicellulose hybrid hydrogels were 
fabricated using key plant-derived polysaccharides such as tamarind xyloglucan, wheat 
arabinoxylan and plantago ovata arabinoxylan. One of the key findings is a three time increase in 
the mechanical modulus of cellulose-xyloglucan and cellulose-wheat arabinoxylan hybrid hydrogels 
compared to pure cellulose hydrogels. By contrast, a reduction in mechanical modulus was 
observed in Plantago ovata arabinoxylan-cellulose hybrid hydrogels. The variation in mechanical 
properties was related to different binding mechanisms of hemicelluloses with cellulose; xyloglucan 
and wheat arabinoxylan were considered to bind strongly to cellulose and enhance the gel matrix, 
while Plantago ovata arabinoxylan due to non-binding nature showed not effect on cellulose 
assembly. 
Further, a rheometer-based technique was developed to assess mechanical and friction properties of 
hydrogels, which uniquely incorporates in situ mechanical characterization and enables controlled 
measurement of friction between pairs of hydrogels. The mechanical response was found to be 
consistent with a generalised biphasic poroviscoelastic deformation model, which accounts for 
viscoelastic and poroelastic effects in hydrogels undergoing compressive deformation. However 
compressibility of cellulose hydrogels made their mechanical behaviour more complex than 
described by the model. In particular, the mechanical response of poroviscoelastic cellulose 
hydrogels was found to be governed by the aggregation and rearrangement of cellulose matrix, as 
well as by fluid pressurization inside micro-pores. These effects led to the emergence of a 
compression-induced axial anisotropy (i.e. mechanical properties in different direction are different). 
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The mechanical behaviour of such hydrogel upon compression was described using the Voigt 
model (rule of mixtures). 
The compression induced hardening of hydrogels markedly changed their friction behaviour. Based 
on the literature data, it was expected that the friction between pairs of biphasic gels is directly 
dependent on the mechanical modulus. Results in this work showed that this dependency held for 
regenerated cellulose hydrogels, and, accordingly, the interfacial yield stress was found to increase 
with compression ratio.  
In order to achieve low friction between mechanically ‘tough’ hydrogels, incorporation of surface 
active lubricant additives was implemented mimicking functionality of lubricin, a key surface 
glycoprotein in articular cartilage. Xyloglucan-pectin polysaccharide conjugates were designed to 
modify cellulose surfaces. The designed conjugates had a bi-functional nature, whereby xyloglucan 
domain was binding cellulose, while pectin domain was acting as a highly charged polyelectrolyte 
block that provides repulsive electrostatic barrier. These conjugates were shown to significantly 
reduce the friction between cellulose hydrogels, as well as eliminate stick-slip behaviour. A key 
mechanism proposed for the enhancement of lubrication is through the reduction of adhesion 
between cellulose fibrils, which promotes interfacial sliding and fluid entrainment into the gap 
between surfaces.  
Three hypotheses formulated in Chapter 1 were tested in this work. First, specific hemicellulose (i.e. 
xyloglucan and wheat arabinoxylan) was proved to improve the mechanical properties of 
regenerated cellulose hydrogels based on plant cell wall mimic idea. The innovation is the 
combination of ionic liquid regeneration method with plant cell wall additives. A new formulation 
space was opened for cellulose material design, addressing limitation of bacterial cellulose 
hydrogels and challenges associated with the uncontrolled incorporation of additives during bacteria 
fermentation (Lopez-Sanchez et al., 2015). Second, the effects of fluid pressurisation on the 
mechanical response of gel matrix and its viscoelastic relaxation behaviour during compression of 
biphasic gels were discussed in Chapter 5. The effects of fluid pressurisation are not included in the 
previous poroviscoelastic theory of biphasic materials, which focused on the poroelastic 
deformation using hydrogel materials with high permeability such as bacterial cellulose hydrogels 
(Bonilla et al., 2016). In addition, the relationship between tribological behaviour and mechanical 
properties of hydrogel was probed by examining the friction response between pairs of hydrogels. 
Third, by mimicking the functionality of cartilage lubricin, the use of a novel block-co-polymer, 
xyloglucan-pectin conjugate was found to reduce the friction between cellulose hydrogels. The 
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innovation is the combination of two plant polysaccharides with different functionality, creating bi-
functional additive that does not exist in nature.  
Based on these finding, I consider that this work provides new insights and fundamental 
underpinning knowledge of biphasic mechanics and friction, as well as provides a fresh impetus for 
developing conjugate additives to modulate boundary friction in cellulose-based materials.  
8.2 Future Perspectives 
In this thesis, the regenerated cellulose-based hydrogels fabricated via ionic liquid regeneration 
process are shown to be promising candidates for future materials with targeted design and 
performance. Thus, it is envisage that these materials have high potential to stimulate future work.  
First, because hydrogels have high moisture content, samples need to be prepared by a range of 
drying processes for conventional Scanning Electron Microscopy (SEM), which leads to numerous 
artefacts and distortions including ice crystal growth. Therefore, microstructure of hydrogels should 
be assessed using other microscopy techniques. Cryogenic Scanning Electron Microscopy (Cryo-
SEM) (Volland, 2016) and Environmental SEM (Stokes, 2008) are highly recommended for future 
work.  
Second, due to cellulose re-crystallisation into Type II, regenerated cellulose hydrogels mostly 
consist of amorphous cellulose. Future work is recommended on the development of ionic liquid 
regeneration process such as partial dissolution of cellulose in ionic liquid, solvent modification and 
chemical additives. If some of crystalline (Type I) cellulose from original cellulose source can 
survive after the ionic liquid regeneration process, a better control of cellulose crystals alignment 
might be achieved to enable designing mechanically tougher cellulose-based materials.  
Third, the poroviscoelastic (PVE) effects and the dependence of interfacial yield stress on the 
material modulus have been explored in this thesis. In order to further explore the relationship 
between biphasic structure and friction properties, future work is suggested on evaluating the effect 
of surface termination and surface roughness on tribological behaviour. Cellulose hydrogels, 
especially the natural grown bacterial cellulose hydrogel, are often characterised by un-crosslinked 
chains, dangling loops and loose ends at surface termination. These possible sub-nanoscale 
morphologies render the hydrogel surface as integrated into the solvent rather than a clear boundary 
between solid and liquid phases, making it challenging to interpret the contact conditions between 
hydrogels (Kim and Dunn, 2016). Surface roughness, in addition, also has a large impact on the 
tribological response by manipulating the squeeze dynamics of fluid films and controlling the 
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thickness and the area of the water pockets trapped between the disks. Therefore in future work the 
squeeze film theory is suggested to be utilized to model the ‘solid’ contact area as introduced by 
Dolan et al. (2017). I envisage that a combination of squeeze film theory and PVE theories may 
enable accurate interpretation of the gel-gel tribological response with consideration of real contact 
area.  
Fourth, this work on xyloglucan-pectin conjugates provides insights into reduction of friction 
between soft biphasic materials by incorporating surface-active additives.  I recommend future 
work on optimisation of conjugation reaction together with a systematically evaluation of the 
effects of molecular weight and charge for xyloglucan and pectin domains, respectively. It is also 
recommended to characterise the surface adhesion between cellulose hydrogel surfaces to further 
examine the contribution of surface-active additives to the reduction of boundary friction. 
Finally, the attempt on the design and modification of cellulose hydrogels in this work provides a 
novel platform with the potential for engineering cartilage-like biotribological performance. Despite 
all the effort for improving the mechanical and friction properties, the cellulose hydrogels remain 
inferior compared to natural articular cartilage with insufficient mechanical stiffness and lubrication. 
Many other biomaterials are being studied for cartilage repair currently. In particular, the poly vinyl 
alcohol (PVA) has been studied for a long time and succeed to achieve similar properties to natural 
cartilage under compressive and shearing loading, with mechanical moduli up to 35 MPa (Oka et al., 
2000) and friction coefficient low to 0.1 (Li et al., 2016). However, the wear problem induced by 
surface fatigue is server for PVA materials. Therefore more studies are necessary to explore the 
most suitable mimicking material as articular cartilage. The future work is recommended on 
systematic evaluation of different factors (e.g. gel compositions, solvents, processing conditions, 
cellulose crystallographic types, etc.) influencing the regeneration process of cellulose in ionic 
liquid. The mechanical and tribological performance of regenerated cellulose hydrogels can thus be 
manipulated by gaining structural insights of the regeneration process of cellulose. Key findings 
from this work and the future work should contribute to the development of next generation of 
cellulose-based materials with applications across biomaterials, pharmaceutics, foods, as well as in 
engineering tribology. 
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Appendices 
Appendix A. Axial ramp compression with normal force break criteria 
The HAAKE MARS III rheometer has two available modes of compression steps; ‘axial ramp’ and 
‘axial time’. The compression curves of these two modes are shown in Figure A.1. Each data point 
is recorded by rheometer corresponding to experimental time. In Figure A.1.a, the axial ramp 
enables to maintain constant axial speed (constant gap difference between two data points), as well 
as stop the compression step once the target normal force is reached. By contrast, in axial time, the 
system keeps holding the sample to reach the target normal force by reducing gap until the set axial 
time is up, resulting in variable axial speed. Therefore, axial ramp was utilised in Section 3.2.1 to 
apply compression on the hydrogel. The panel settings of axial ramp with normal force break 
criteria is shown in Figure A.2. 
 
Figure A.1: Compression curves under different compression modes with normal force plotting 
against gap; (a) axial ramp, (b) axial time with break criteria. Data was measured using a pair of 
agarose gels. 
 
Figure A.2: Panel settings of axial ramp (break criteria). 
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Appendix B. Calculations on the amounts of reactants used in the chemical conjugation.  
In Section 7.2.1, the conjugation of xyloglucan (XG) and pectin was conducted based on the 
method developed by Hatton et al. (2016) via reductive amination with subsequent 1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) / N-hydroxysuccinimide (NHS) coupling of NH2 
modified XG (XG-NH2) to the -COOH groups of pectin. The detailed calculations on the amount of 
reactants are shown below. The molar excess of reactants over XG were defined according to the 
original experimental method of Hatton et al. (2016). 
I. Calculate the amount of ethylenediamine (99.0 % solution, density ~ 899 mg/mL, 
molecular weight, MW ~ 60.10 g/mol) needed for 500-fold molar excess of 200 mg of 
XG (average MW ~ 700 000 g/mol). 
Ethylenediamine 𝑀𝑜𝑙 =
0.200  𝑔 XG
700 000𝑔/𝑚𝑜𝑙 XG
× 500 = 0.000143 𝑚𝑜𝑙 
Ethylenediamine 𝑀𝑎𝑠𝑠 = 0.000143 𝑚𝑜𝑙 × 60.10
𝑔
𝑚𝑜𝑙
= 8.59 𝑚𝑔 
Ethylenediamine 𝑉𝑜𝑙𝑢𝑚𝑒 = 8.59 𝑚𝑔 ×
1 𝑚𝐿
899 𝑚𝑔
= 9.55 𝑢𝐿 
II. Calculate the amount of NaCNBH3 (MW ~ 62.84 g/mol) needed for 123-fold molar 
excess of 200 mg of XG.  
NaCNBH3 𝑀𝑜𝑙 =
0.200  𝑔 XG
700 000 𝑔/𝑚𝑜𝑙 XG
× 123 = 0.0000351 𝑚𝑜𝑙 
 NaCNBH3 𝑀𝑎𝑠𝑠 = 0.0000351 𝑚𝑜𝑙 × 62.84
𝑔
𝑚𝑜𝑙
 = 2.208 𝑚𝑔  
III. Calculate the amounts of NHS (MW ~ 115.09 g/mol), EDC (MW ~155.25 g/mol) needed 
for 200-fold molar excess for 100 mg of XG-NH2 (MW ~ 700 016 g/mol). 
NHS 𝑀𝑜𝑙 =
0.100 𝑔 XG − NH2
700 016 𝑔/𝑚𝑜𝑙 XG − NH2
× 200 = 0.0000286 𝑚𝑜𝑙 
NHS 𝑀𝑎𝑠𝑠 = 0.0000286 𝑚𝑜𝑙 × 115.09
𝑔
𝑚𝑜𝑙
 = 3.29 𝑚𝑔 
EDS 𝑀𝑎𝑠𝑠 = 0.0000286 𝑚𝑜𝑙 × 155.25
𝑔
𝑚𝑜𝑙
 = 4.44 𝑚𝑔 
IV. Calculate the amounts of Pectin (MW ~ 138 000 g/mol) for 5-fold molar excess for 100 
mg of XG-NH2 (MW ~ 700 016 g/mol). 
Pectin 𝑀𝑜𝑙 =
0.100 𝑔 XG − NH2
700 016 𝑔/𝑚𝑜𝑙 XG − NH2
× 5 = 0.0000007142 𝑚𝑜𝑙 
Pectin 𝑀𝑎𝑠𝑠 = 0.0000007142 𝑚𝑜𝑙 × 138 000
𝑔
𝑚𝑜𝑙
 = 98.56 𝑚𝑔 
